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ABSTRACT 


The  objective  o£  this  project,  initiated  by  the  U.S.  Army  Institute  for 
Research  in  Management  information  and  Computer  Science,  was  to  develop  a 
cost-effective  alternative  to  discrete-event  simulation  methods  for  studying 
Carrier  Sense  Multiple  Access  networks.  This  report  contains  sections  on  the 
design,  conceptual  approach,  and  implementation  of  the  CSMA  emulation  facility 
and  preliminary  experiments  performed  to  validate  it. 
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I.  INTRODUCTION 


In  the  last  five  years,  there  has  been  an  increasing  interest  in  local 
area  networks  and  in  the  Carrier  Sense  Multiple  Access  Collision  Detection 
(CSMA/CD)  type  specifically.  Commercial  networks  of  this  type  are  becoming 
available  and  include  such  networks  as  Ethernet,  Net  One  and  Want  Net,  [MOKH 
82].  Ethernet  is  the  most  widely  documented,  and  a  detailed  description  is 
included  as  an  appendix  in  the  book  by  Franta  and  Chlamtac,  [FRAN  81].  Most 
of  the  networks  listed  claim  the  ability  to  support  many  hundreds  of  sta¬ 
tions.  For  example,  Ethernet  claims  to  support  on  the  order  of  one  thousand. 

A  typical  CSMA/CD  type  local  computer  network  has  the  general  structure 
shown  in  Figure  1.1.  Note  that  each  station  has  three  major  components:  the 
Network  Processor,  the  Transceiver  Interface  and  the  Transceiver.  In  the 
notation  used  for  the  Ethernet  architecture,  the  Network  Processor  supports 
the  Data  Link  Layer,  while  the  Transceiver  Interface  and  the  Transceiver 
support  the  Physical  Layer,  as  identified  in  the  ISO  model  (see,  for  example, 
[TANE  81]) . 

Performance  studies  of  CSMA-type  networks  can  obviously  be  carried  out 
using  the  brute  force  of  building  a  testbed  with  a  number  of  different  net¬ 
works  deployed.  This  approach  is  prohibitively  costly  since  each  network 
would  have  to  be  loaded  with  stations  producing  prescribed  traffic  and  the 
number  of  stations  required  could  be  quite  large,  for  example  approaching  1000 
to  load  the  Ethernet  fully. 

The  approach  of  a  straightforward  discrete-event  simulation  of  a  CSMA 
network  with  a  large  number  of  stations  is  also  costly.  To  be  realistic  such 
a  simulation  would  be  required  to  model  key  events  for  each  station  including 
higher  level  functions,  as  well  as  access  protocols. 
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The  project,  which  is  the  subject  of  this  report,  was  initiated  by  the 
U.S.  Army  Institute  for  Research  in  Management  Information  and  Computer 
Science  to  develop  a  cost-effective  alternative  to  the  brute  force  or  dis¬ 
crete-event  simulation  methods  for  studying  CSMA  networks.  What  is  required 
is  a  means  to  assess  the  performance  of  particular  contention  networks  for 
specific  military  applications  at  moderate  cost. 

The  emulation  facility  being  developed  for  studying  the  performance  of 
CSMA  bus  networks  is  part  of  a  more  general  facility — SPANET  (System  for  Per¬ 
formance  Analysis  of  Networks).  SPANET  is  a  dual-topology  facility  which  will 
also  support  performance  studies  of  mesh-type  store-and-forward  networks  an 
completed . 

Subsequent  sections  of  the  report  describe  the  design,  conce, 
approach,  and  implementation,  of  the  CSMA  emulation  facility  and  preliminary 
experiments  performed  to  validate  it.  The  appendix  contains  copies  of  pub¬ 
lished  papers,  one  of  which  covers  details  of  the  development  of  the  analyti¬ 
cal  model  that  the  work  is  based  on. 
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IX.  DESIGN  OP  IBS  BOOIATION  FACILITY 

The  key  innovation  used  in  the  emulation  facility  is  the  division  of  a 
potentially  large  number  of  network  stations  into  a  small  group  of  Primary 
Stations  and  the  remaining  Background  Stations.  The  Primary  Stations  are 
implemented  in  hardware,  while  the  Background  Stations  are  represented  by 
artificial  traffic  generated  with  a  computer  program. 

Figure  2.1  gives  a  logical  view  of  the  emulation  facility.  The  two 
Primary  Stations,  A  and  B,  operate  essentially  as  if  they  are  connected  to  a 
physical  network.  Actually  they  transfer  data  into  and  out  of  a  shared  micro¬ 
computer  memory  with  the  transfer  being  controlled  with  the  combination  of  the 
Background  Traffic  Program,  the  Control  Program  and  Switch  shown  in  the 
figure.  The  Background  Traffic  Program  generates  a  sequence  of  busy-idle 
intervals  using  an  algorithm  with  the  parameters  of  the  Background  Stations 
specified  as  input  data. 

Reduced  to  its  simplest  terms,  the  emulation  facility  can  be  represented 
as  in  Figure  2.2.  The  "Emulated  Contention  Network"  consists  of  the  common 
memory,  the  control  program,  the  switch  and  additional  circuits  not  shown  in 
Figure  2.1.  Implementation  of  this  and  other  portions  of  the  facility  are 
discussed  in  later  sections  of  the  report.  A  more  detailed  discussion  of  the 
overall  logical  design  of  the  facility  is  given  in  a  paper  by  the  project 
staff,  [OREI  82  A],  included  in  the  report  as  Appendix  A.  The  algorithm  for 
producing  the  emulated  background  traffic  and  its  verification  are  discussed 
briefly  below.  A  detailed  discussion  of  the  same  topics  is  given  in  a  paper 
by  O'Reilly  and  Hammond  [OREI  82  B]  included  in  the  report  as  Appendix  B. 

The  emulated  background  traffic  is  input  to  the  emulated  contention 
network  as  a  binary  function  of  time,  B(t) ,  delineating  a  random  sequence  of 
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busy/idle  periods  as  shown  in  Figure  2.3.  A  random  sequence  of  times  initiat¬ 
ing  and  ending  the  busy  periods  is  generated  by  an  algorithm  based  on  a  set  of 
equations  describing  the  statistical  nature  of  the  background  traffic.  These 
equations  are  solved  in  a  computer  program  which  uses  a  modified  Monte  Carlo 
approach  to  generate  the  busy/ idle  intervals. 

To  achieve  the  required  speed  and  flexibility,  the  traffic  generation 
algorithm  is  run  off-line  and  the  random  sequence  of  beginning  and  ending 
times  for  the  busy  periods  is  stored.  Hardware  in  the  emulated  contention 
network  of  Figure  3  accesses  the  table  of  stored  data  in  a  manner  which  is 
synchronized  to  the  stored  time  intervals. 

An  aspect  of  the  operation,  which  received  some  attention  in  the  design 
of  the  facility  pertains  to  the  interaction  of  the  primary  stations  with  the 
background  traffic.  A  specific  issue  studied  is  the  treatment  of  the  back¬ 
ground  traffic  during  good  transmissions  by  primary  stations.  In  an  actual 
network  only  one  station  can  transmit  good  data  at  a  time,  so  that  the  back¬ 
ground  stations  must  back-off  during  good  transmission  by  primary  stations. 
After  studying  two  modes  of  accessing  the  background  traffic,  it  was  concluded 
that  continuous  sampling  of  the  stored  busy/idle  intervals,  but  blanking  this 
output  during  good  transmissions  by  primary  stations,  gives  better  results 
than  the  alternative  of  deactivating  the  sampling  of  the  stored  intervals 
during  good  transmissions. 

Derivation  of  the  equations  and  logical  structure  of  the  algorithm  for 
background  traffic  is  given  in  the  paper  referenced  above  and  in  Appendix  B. 
Required  inputs  are:  the  number  of  background  stations,  statistics  of  the  bus 
lengths,  propagation  tiroes,  station  loads,  and  protocols  used,  both  specific 
access  and  some  higher  level.  The  number  of  stations  and  bus  lengths  can  be 
changed  easily.  Arrivals  to  the  stations  are  currently  assumed  to  be  Poisson 
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distributed,  and  this  parameter  could  be  difficult  to  change  since  it  is 
incorporated  into  the  equations  of  the  algorithm.  Protocols  can  be  changed 
with  routine  changes  to  the  algorithm. 

The  algorithm,  programmed  with  the  parameters  of  Ethernet,  has  been 
validated  by  comparison  to  an  in-house  discrete  event  simulation  in  studies  of 
bus  traffic.  Excellent  agreement  is  obtained  for  throughput  over  a  range  of  0 
to  20  stations.  Comparison  is  also  made  with  measured  results  for  Ethernet 
reported  by  Shoch  and  Hupp  [SHOC  80].  Agreement  in  this  case  is  also  good, 
although  not  exact  as  would  be  expected  in  canparing  theoretical  and  experi¬ 
mental  data.  Simulation  studies  of  the  interaction  between  primary  and  back¬ 
ground  stations  have  also  been  performed  and  good  agreement  with  theory  has 
been  obtained. 

A  further  contribution  of  the  work  and  a  verification  of  the  mathematical 
model  used  for  the  algorithm  is  contained  in  a  new  closed- form  expression  for 
the  throughput  of  a  slotted  1-persistent  CMSA/CD  channel  derived  using  the 
probabilistic  equations  of  the  algorithm  and  a  number  of  simplifying  assump¬ 
tions.  This  equation,  given  in  [OREI  82  BJ ,  reduces  to  well-known  theoretical 
results  for  special  cases. 

The  algorithm  is  implemented  in  FORTRAN  code  and  tuns  on  the  PDP  11/70  at 
the  AIRMICS  facility.  The  program  used  for  the  background  traffic  is  termed 
JNET.  Other  programs  supplied  are  SIMNET  and  EXT.  The  three  programs  are 
described  in  a  user's  manual  supplied  under  separate  cover. 
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in.  nunon  Bmamnnoi 

This  section  describes  the  hardware  implementation  of  the  bus  emulation 
system.  As  described  in  the  previous  sections,  the  bus  emulator  approach  is 
to  model  explicitly  two  nodes  in  the  bus  network  with  their  user  hosts  and 
then  model  all  the  remaining  modes  on  the  network  as  a  single  statistical  bus 
load.  The  bus  traffic  is  observed  through  time  delays  by  the  two  stations 
under  study  as  they  attempt  to  transmit  messages  to  each  other  during  the  idle 
slots  of  the  bus  traffic.  The  following  elements  are  required  to  implement 
this  type  of  procedure. 

1.  Generation  of  an  array  of  numbers  to  represent  the  busy/idle  periods  of 
the  background  bus  traffic. 

2.  Hardware  to  convert  the  busy/idle  data  into  logic  levels  as  a  function  of 
time. 

3.  Hardware  to  implement  programmable  time  delays  to  represent  the  physical 
delays  produced  by  the  length  of  the  bus. 

3.  Transceiver  nodes  for  the  2  stations  under  study  that  will  implement  the 
CSMA/CD  network  algorithm. 

5.  A  method  for  generation  of  a  data  array  to  represent  the  statistical 
traffic  between  the  2  stations,  or  actual  traffic  from  live  hosts. 

6.  Hardware  to  take  the  array  data  and  generate  physical  message  traffic  to 
the  transceivers,  when  actual  traffic  is  not  used. 

A  hardware  block  diagram  of  the  system  used  to  implement  the  6  elements 
is  shown  in  Figure  3.1.  In  this  system  the  master  Nova  4  computer  with  its 
disk  system,  line  printer  and  terminal,  perform  the  master  control  of  the  bus 
emulation  system.  The  statistical  bus  traffic  information  is  generated  off¬ 
line  on  a  PDF  11/70  computer  using  the  algorithms  developed  in  the  previous 
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sections.  Generation  of  the  busy/idle  logic  levels  is  perforated  by  the  bus 
simulator  hardware  under  control  of  the  master  Nova  4.  The  time  delays  are 
also  performed  by  the  bus  simulator  hardware  and  are  initialized  by  the  master 
Nova  4  computer.  The  transceiver  node  implementation  is  performed  by  three 
68000  Motorola  microprocessor  units  with  a  common  shared  memory.  Since  the 
microprocessors  can  share  memory  locations,  messages  can  be  moved  from  one 
transceiver  node  to  another  extremely  quickly.  This  savings  in  time  allows 
the  transceiver  to  implement  most  of  the  CSMA/CD  network  protocol  in  software 
rather  than  hardware.  The  statistical  data  used  to  determine  the  traffic 
between  the  two  transceiver  nodes  is  generated  in  software  on  the  master  Nova 
4  computer  and  transferred  to  the  slave  Nova  4.  The  slave  Nova  4  uses  this 
data  to  generate  the  physical  traffic  between  the  two  stations  under  study 
when  artificial  traffic  is  desired.  When  a  particular  bus  traffic  experiment 
has  been  completed,  the  two  transceiver  nodes  transmit  data  back  to  the  master 
Nova  computer  indicating  the  arrival  time,  departure  time  and  number  of 
attempts  for  each  packet  transmitted  during  the  experiment.  The  Nova  4 
computer  analyzes  this  data  and  prints  a  summary  of  the  experimental  data  on 
the  system  line  printer. 

The  following  sections  are  a  detailed  description  of  each  of  the  6  ele¬ 
ments  of  the  bus  emulator. 

Generation  of  Bus  Traffic  Busy/Idle  Patterns 

The  busy/idle  patterns  used  to  represent  the  bus  traffic  supplied  by  the 
remaining  stations  on  the  bus  are  generated  in  software  on  a  PDP  11/70  com¬ 
puter  using  the  algorithms  developed  in  the  previous  sections.  By  changing 
various  parameters  in  the  traffic  generation  program,  a  large  variety  of  bus 
networks  can  be  simulated.  The  various  parameters  that  can  be  changed  in  this 
program  are  given  in  the  Table  3.1  with  their  minimum  and  maximum  values. 
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EXPERIMENT  INPUTS 


PARAMETER 

MIN. 

MAX  . 

BUS  TRAFFIC: 

BUS  RATE  (MEGA  BITS /SEC.) 

.  1 

10.0 

BUS  LENGTH  (METERS) 

50 

100000 

NUMBER  OF  STATIONS 

1 

aooo 

MESSAGE  LENGTH  (BITS) 

100 

100000 

MEAN  INTERARRIVAL  TIME  (MICRO  SEC.) 
BACK  OFF  ALGORITHM 

X 

100000 

LINEAR  INCREMENTAL 

FIXED  MEAN 

BINARY  EXPONENT AL 

ACKNOWLEDGE  LENGTH  (BITS) 

0 

lOO 

TABLE  3.1  MAXIMUM  AND  MINIMUM  BUS  TRAFFIC  PARAMETERS 
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The  output  from  this  program  is  a  sequence  of  numbers  that  represent  in 
microseconds  the  consecutive  busy/idle  periods  that  would  be  present  on  the 
bus  for  the  particular  configuration  simulated.  Riese  patterns  are  transfer¬ 
red  from  the  PDP  11/70  to  the  Nova  4  master  computer  to  simulate  the  bus  traf¬ 
fic. 

Bus  Traffic  logic  Level  Generation 

In  order  to  use  the  busy/ idle  patterns  generated  by  the  PDP  11/70,  these 
patterns  must  be  converted  to  on/off  logic  levels  as  a  function  of  real 
time.  This  conversion  is  accomplished  by  means  of  a  bus  simulation  circuit 
interfaced  to  the  master  Nova  4  computer.  A  simplified  block  diagram  of  the 
bus  simulator  is  shown  in  Figure  3.2.  The  circuit  utilizes  two  16-bit  down 
counters  to  set  or  reset  a  flip-flop  that  produces  the  logic  levels.  At  the 
beginning  of  the  process  the  computer  sets  the  first  busy  period  into  the  busy 

counter  and  the  first  idle  period  into  the  idle  counter.  When  the  busy 

counter  reaches  zero,  it  resets  the  logic  flip-flop  to  zero.  The  idle  counter 
is  then  enabled  and  starts  counting  down  to  set  the  flip-flop  back  to  1. 

During  this  idle  period  the  computer  loads  the  next  busy  pattern  into  the  busy 

counter.  During  the  next  busy  period,  the  computer  reloads  the  idle 
counter.  This  scheme  continues  until  all  of  the  patterns  have  been  proces¬ 
sed.  When  the  process  terminates  the  bus  is  held  in  the  busy  state  to  inhibit 
further  transmission  on  the  bus. 

Bus  Time  Delay  Implementation 

The  bus  emulator  implements  all  of  the  real  time  delays  that  would  exist 
between  the  2  stations  and  either  of  the  stations  and  the  bus  simulator.  A 
simplified  block  diagram  of  the  time  delay  relationships  are  shown  in  Figure 
3.3.  The  busy/ idle  patterns  generated  by  the  bus  simulator  described  in  the 


idle: 

DOWN  COUNTER 
16  BIT 


MINIMUM  BUSY/ IDLE  PERIOD  ~  6  MICRO  SECONDS 
MAXIMUM  BUSY/ IDLE  PERIOD  »  65  MILL!  SECONDS 


FIGURE  a.S  BUSY/IDLE  PATTERN  GENERATOR 
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previous  sections  is  fed  through  a  time  delay  to  the  A  channel  node  and 
through  a  separate  time  delay  to  the  B  channel  node.  The  transmit  output  from 
the  A  and  B  channel  nodes  are  also  fed  through  time  delays  back  to  the  bus 
simulator.  The  delayed  A  and  B  channel  transmit  signals  are  read  together  and 
used  to  inhibit  the  bus  simulator  output  when  A  or  B  transmit  signals  are 
present.  The  transmit  signal  from  A  is  also  fed  through  a  time  delay  to  the  B 
node,  and  the  B  transmit  signal  is  fed  thro  <qh  a  delay  back  to  the  A  node. 
Each  of  the  6  time  delay  circuits  is  progr ammable  from  .2  to  409.5  micro¬ 
seconds  from  the  master  Nova  4  computer .  Since  the  time  delay  between  any  2 
points  in  the  network  is  the  same  in  each  direction,  the  6  time  delays  are 
programmed  as  3  pairs. 

In  order  to  implement  time  delays  that  could  exceed  the  busy/ idle  pattern 
times,  the  time  delay  circuit  must  store  a  section  of  the  bus  signal  and  then 
output  it  a  programmable  delay  time  after  it  is  read  in.  This  is  accomplished 
by  use  of  a  1  bit  by  4,096  RAM  memory  chip  as  shown  in  Figure  3.4.  Every  .1 
microseconds  the  RAM  memory  is  switched  between  a  read  cycle  and  a  write 
cycle.  The  address  during  read  cycle  is  determined  by  a  12  bit  read  counter 
and  the  address  during  the  write  cycle  is  deter  ined  by  a  12  bit  write 
counter.  These  counters  are  also  incremented  every  .1  microseconds.  This 
means  that  alternately  the  data  is  being  read  into  and  out  of  different  sec¬ 
tions  of  the  RAM  memory.  The  difference  between  the  read  and  write  address 
will  then  determine  the  amount  of  delay  between  data  being  read  into  the  RAM 
and  data  being  read  out  of  the  RAM.  This  delay  is  programmed  by  allowing  the 
Nova  4  to  initially  set  the  counter  states.  The  read  counter  is  always  ini¬ 
tialized  to  zero  and  the  write  counter  is  initially  set  to  some  value  n.  The 
read  counter  must  then  increment  to  a  value  of  n  before  it  reads  the  first 
data  bit  written.  The  net  time  delay  is  then  n  x  clock  period  of  .1  microsec- 
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FIGURE  3. A  TIME  DELAY  HARDWARE  BLOCK  DIAGRAM 


I') 

onds.  Since  the  counters  and  the  memory  length  are  equal  they  will  continue 
to  cycle  through  the  memory  space  with  one  initial  setting  from  the  computer . 

Implementation  of  Transceiver  Nodes 

The  transceiver  nodes  used  to  emulate  the  2  nodes  on  the  bus  that  will  be 
studied  are  implemented  using  68000  microprocessor  systems.  The  2  node  pair 
is  implemented  in  3  microprocessor  systems  sharing  a  common  memory.  Two  of 
the  microprocessors  are  used  to  implement  the  CSMA/CD  protocols  at  the  2  nodes 
under  test.  The  third  microprocessor  is  used  to  receive  serial  messages  from 
the  slave  Nova  4  and  build  message  queues  for  both  of  the  node  microproces¬ 
sors.  Both  the  message  queue  and  the  current  message  being  transmitted  are 
passed  from  one  microprocessor  to  the  next  through  the  shared  memory.  A  block 
diagram  of  this  configuration  is  shown  in  Figure  3-5  and  the  flow  diagram  of 
the  CSMA/CD  protocol  is  shown  in  Figure  3-6. 

The  following  procedure  is  used  to  transmit  a  message  through  the  system 
from  one  node  to  another . 

1.  A  message  is  received  by  the  68000  10  processor  either  from  the  Nova 
4  serial  traffic  generator  or  a  live  host,  depending  on  the  mode  of 
operation.  In  an  experimental  mode  the  message  content  is  unimpor¬ 
tant,  and  the  protocol  for  the  serial  messages  is  a  simple  2  byte 
transmission  indicating  the  number  of  characters  of  the  message  to 
be  transmitted.  Since  long  messages  can  be  represented  by  a  2  byte 
transmission,  this  technique  allows  the  9600  baud  serial  link  be¬ 
tween  the  Nova  4  and  the  MC  68000  10  processor  to  simulate  message 
transmissions  at  a  much  higher  baud  rate.  When  the  system  is  used 
in  a  live  host  environment  the  protocol  is  changed  to  an  actual 
message  receiving  and  transmission  protocol  (Motorola  defined) ,  but 


the  baud  rate  is  limited  to  a  maximum  of  9600  baud 
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FIGURE  3.6  NODE  SIMPLIFIED  SOFTWARE  FLOW  CHART 
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•ttie  10  processor  takes  the  messages  for  A  and  B  and  builds  queues  in 
the  shared  memory  indicating  the  message  number  and  the  message 
length. 

The  A  and  B  processors,  which  are  programmed  to  implement  the 
CSMA/CD  protocol  shown  in  Figure  3-6  will  see  the  messages  in  the 
queue  as  a  message  ready. 

The  A  or  B  processor  would  take  the  message  length  and  number  from 
the  queue  and  read  the  time  from  the  real  time  clock  and  store  it  as 
the  starting  time  of  the  message. 

The  node  processor  will  look  at  the  busy/idle  patterns  from  the  bus 
simulator  through  a  parallel  10  port  to  determine  when  a  message  can 
be  sent.  As  long  as  the  bus  is  in  a  busy  condition,  the  node  pro¬ 
cessor  remains  in  the  deferred  state  and  holds  the  message. 

After  2  consecutive  observations  of  the  bus  being  in  the  idle  condi¬ 
tion,  the  node  processor  will  start  its  message  transmission  by 
bringing  the  parallel  10  output  transmit  line  high. 

The  transmit  line  from  the  node  processor  and  the  bus  signal  from 
the  bus  simulator  ate  and-ed  together  to  set  a  collision  flip- 
flop.  Whenever  the  bus  simulator  and  the  transmit  signals  are  in 
the  busy  state  simultaneously,  a  collision  has  occurred.  This  flip 
flop  can  be  read  and  reset  by  the  node  processor  through  the 
parallel  10  board. 

The  node  processor  enters  a  timing  loop  that  holds  the  transmit  line 
high  and  observes  the  collision  detector  for  a  length  of  time  that 
would  normally  be  required  for  transmitting  a  message  of  the  speci¬ 
fied  length. 
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9.  If  no  collisions  occur  during  the  message  transmission,  the  transmit 
line  is  returned  to  the  low  condition  to  terminate  the  transmis¬ 
sion.  The  time  is  read  from  the  real  time  clock  and  stored  as  the 
message  ending  time.  Successful  transmission  of  the  message  is 
indicated  through  the  shared  memory  by  removing  the  message  from  the 
message  queue.  The  processor  then  returns  to  the  start  of  the  loop 
and  awaits  another  message  to  be  queued  by  the  10  processor . 

10.  If  a  collision  occurs  the  transmit  line  from  the  node  processor  is 
immediately  returned  low.  The  number  of  attempts  is  incremented  and 
the  current  number  of  attempts  is  compared  to  a  maximum  value.  If 
the  number  of  attempts  has  exceeded  the  maximum  then  the  message  is 
deleted  and  the  message  delete  count  is  incremented. 

11.  If  the  number  of  attempts  does  not  exceed  the  maximum,  then  a  back¬ 
off  time  is  calculated  using  a  random  number  generator.  All  the 
initial  experiments  using  the  experimental  mode  used  a  binary  expo¬ 
nential  back-off  algorithm  where  the  mean  time  for  any  back-off 
doubled  as  the  number  of  attempts  increased.  When  the  number  of 
attempts  exceeded  10  the  mean  time  per  back-off  remained  constant. 

12.  When  the  back-off  time  expires  the  processor  returns  to  the  begin¬ 
ning  of  the  loop  and  tries  to  retransmit  the  message. 

The  implementation  of  the  CSMA/CD  protocol  in  the  68000  microprocessor 
was  tailored  in  particular  to  the  binary  exponential  back-off  algorithm.  If 
other  forms  of  back-off  algorithm  are  to  be  implemented  by  the  68000  system, 
such  as  a  fixed  or  linear  back-off  algorithm,  then  the  particular  section  of 
assembly  language  code  in  the  68000  microprocessor  would  have  to  be  replaced 
with  an  equivalent  section  for  the  particular  algorithm  chosen. 
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Generation  of  Statistical  Serial  Data  for  Bcperiaental  Node 

The  serial  data  for  the  bus  experiment  is  generated  by  a  separate  soft¬ 
ware  program  on  the  Master  Nova  4  computer,  ttiis  program  is  run  prior  to  the 

actual  bus  experiment  and  generates  a  disk  file  on  the  master  disk  indicating 
the  length  of  each  message  and  the  time  between  messages.  The  program  also 
prints  a  record  on  the  system  line  printer  indicating  the  file  name  of  the 
data  record  and  the  type  of  statistics  used  to  generate  it.  A  large  number  of 
files  can  be  generated  based  on  varying  statistical  values  so  that  they  will 
be  ready  for  use  during  bus  experiments.  A  typical  dialogue  of  the  operations 
of  the  serial  data  generator  is  shown  in  Table  3-2.  The  minimum  and  maximum 
values  of  the  input  parameters  are  shown  in  Table  3-3  and  a  sample  printout 
from  the  program  operation  is  shown  in  Table  3-4. 

Hardware  Implementation  of  the  Serial  Traffic 

The  serial  traffic  for  the  bus  experiment  is  generated  by  the  slave  Nova 
4  using  two  RS232  interfaces  and  an  assembly  language  program  that  takes 
message  information  stored  in  memory  and  generates  the  2  byte  message  trans¬ 
mission  to  the  Motorola  68000  10  processor .  The  message  data  is  stored  in  2 
separate  memory  buffers,  one  for  messages  to  be  sent  to  the  A  node  processor 

and  the  other  to  be  sent  to  node  B  processor.  Both  of  the  data  buffers  and 

the  assembly  language  program  are  downloaded  from  the  master  Nova  4  com¬ 
puter.  Startup  and  termination  of  the  assembly  language  process  is  also 
controlled  during  bus  experiments  by  the  master  Nova  4  computer.  This  means 
that  the  bus  experiment  operator  needs  only  to  interact  with  the  master  Nova  4 
computer  through  its  main  console.  Table  3-5  shows  a  typical  program  download 
operation  and  Table  3-6  shows  a  typical  download  operation  for  both  the  A  and 


B  data  bases 


SOBGIO 


STATISTICAL  DATA  BASE  GENERATION  PROGRAM  -  REV .  1.0 

ENTER  MEAN  MESSAGE  LENGTH  (BYTES)  100 <> 

ENTER  MESSAGE  VARIATION  (BYTES)  250 

ENTER  MEAN  INTERMESSAGE  INTERVAL  (MILLI  SEC)  30  0 

ENTER  INTERMESSAGE  VARIATION  (MILLI  SEC)  10<> 

ENTER  NUMBER  OF  MESSAGES  TO  GENERATE  200  0 
ENTER  BAUORATE  OF  SERIAL  PORT  9600  0 
ENTER  SPEED  OF  BUS  ( MEGABITS /SEC  )  1.40 
ENTER  DATA  BASE  FILENAME  SOBS.  UFO 

EQUIVALENT  MESSAGES / SECOND  *  6  .  A86 

STOP 

12 : 03 : 15 

R 

NOTE:  OPERATOR  RESPONSE  UNDERLINED 


TABLE  3.2  SERIAL  DATA  GENERATION  DIALOG 
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EXPERIMENT  INPUTS 

PARAMETER  MIN.  MAX. 

SERIAL.  (USER)  TRAFFIC. 

MEAN  MESSAGE  LENGTH  (BYTES)  5  10000 

LENGTH  VARIATION  (BYTES  +  /->  0  ML  -  » 

INTERMESSAGE  INTERVAL  (MILLI  SEC.)  I  10000 

INTERVAL  VARIATION  (MILL!  SEC.)  0  INT  - 

NUMBER  OF  MESSAGES  1  5000 

SERIAL.  PORT  BAUDRATE  110  50000 

TABLE  3. 3  MAXIMUM  AND  MINIMUM  SERIAL  TRAFFIC  PARAMETERS 


STATISTICAL.  DATA  BASE!  GENE  DAT  I  ON  PROGRAM 


REV  1  .  0 


DATA  BASE  FILENAME  «■  SDB8  .  DF 

******************************************* 

MEAN  MESSAGE  LENGTH  (BYTES)  -  100 

MEAN  MESSAGE  VARIATION  (BYTES)  ■  85 

MEAN  INTERMESSAGE  INTERVAL  ( Ml'LLI  SEC.)  -  50 

MEAN  INTERMESSAGE  VARIATION  (MILLI  SEC.)  «  10 

NUMBER  OF  MESSAGES  GENERATED  »  200 

SERIAL  PORT  BAUD  RATE  “  9600 

EQUIVALENT  MESSAGES / SECOND .  -  6 . ABA 


TABLE  3. A  SERIAL  DATA  GENERATOR  PRINT  OUT 


ENTER  LOAD  FILENAME  STFG3.LSO 
C  NUMBERS  WILL  APPEAR  HERE  3 
STOP 

12:03 : 15 
R 

NOTE:  OPERATORS  RESPONSE  UNDERLINED 

TABLE  3.3  NUUA  SLADE  PROGRAM  DOWNLOAD  PROCEDURE 


DBLDR< > 


NODA  SLADE  DATA  BASE  LOADER  -  RED .  1.0 

ENTER  A  CHANNEL  DATA  BASE  (OR  NONE)  SDB3.DFO 
ENTER  B  CHANNEL  DATA  BASE  (OR  NONE)  SDB2.DFO 


STOP 

12:03: 13 
R 

NOTE:  OPERATOR  RESPONSE  UNDERLINED 

TABLE  3.6  SLADE  NODA  DATA  DOWNLOAD  PROCEDURE 


3  ■'  ■ 
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IV.  BOS  EXPERIMENT 

In  the  previous  section,  each  component  of  the  network  system  is  describ¬ 
ed.  In  this  section  the  procedure  for  setting  up  these  component  parts  into  a 
complete  bus  experiment  will  be  discussed.  A  flow  chart  showing  the  hardware 
and  software  components  in  the  interaction  of  setting  up  a  bus  experiment  is 
illustrated  in  Figure  4-1.  This  procedure  is  outlined  as  follows: 

1.  The  master  Nova  4  computer  is  linked  to  the  AIRMICS  PDP  11/70 
through  a  data  link  program  (PDP  11.SV).  Through  this  program  the 
background  traffic  simulation  program  (JNET)  is  executed  and  the 
data  from  the  simulation  is  captured  by  the  master  Nova  and  stored 
as  a  disk  file  (BSIM.DF)  on  the  system  disk.  A  large  number  of 
these  files  can  be  generated  with  varying  statistical  characteris¬ 
tics  for  later  use  in  bus  traffic  experiments. 

2.  Serial  data  is  obtained  by  using  the  serial  traffic  generation 
program  (SDBG1.SV).  The  serial  data  is  also  stored  as  disk  files 
(SDB.DF)  on  the  system  disk.  A  large  number  of  serial  data  files 
may  also  be  generated  in  advance  and  called  up  for  different  bus 
experiments. 

3.  The  slave  Nova  serial  traffic  generation  program  (STFG4.LS)  is  down 

loaded  from  the  master  Nova  using  the  Nova  slave  download  program 
(NSLDR.SB)  .  The  serial  traffic  data  is  also  downloaded  from  the 

master  Nova  4  computer  using  the  data  base  downloeder  (DBLBR.SB) . 

4.  After  all  network  cables  are  checked  for  proper  configuration  and 
the  68000  microprocessors  have  been  initialized,  the  bus  experiment 
is  started  by  executing  the  bus  experiment  control  program 
(BSIM6.SV) .  This  program  controls  the  complete  operation  of  the  bus 
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experiment  and  collects  data  at  the  end  of  the  experiment  on  the 
starting  time,  ending  time  and  number  of  attempts  of  each  message 
that  is  transmitted  during  the  experiment.  A  typical  main  console 
dialogue  of  an  experiment  is  given  in  Table  4-1.  At  the  end  of  the 
experiment  a  complete  statistical  breakdown  of  the  bus  experiment  is 
printed  on  the  system  line  printer  for  both  channel  A  and  channel 
B.  Included  in  this  printout  is  the  experimental  setup  message 
completions,  cancellations,  and  back-offs.  Time  delay  information 
and  a  histogram  of  number  of  message  and  time  delay  versus 
attempts.  A  typical  printout  is  shown  in  Table  4-2.  Upon  request 
the  system  will  also  printout  a  description  of  each  individual 
message  that  occured  in  an  experiment  including  the  length  of  the 
message,  the  number  of  attempts  the  message  required  and  the  delay 
time  in  processing  the  message.  A  typical  printout  is  shown  in 
Table  4-3. 


BL1S6<  > 


GA.  TECH/ A1RMICS  COMPUTER  NETWORK 
BUS  SIMULATION  PROGRAM  -  REV .  1.0 

ENTER  S  IMULATION  DATA  FILE  NAME  BSIMA . OF <  > 
BUS  TIME  DELAYS  -  MIN. =.2,  MAX . =A09 . A 
ENTER  DELAY  BETWEEN  SIMULATOR  AND  CHAN  A  1 < > 

ENTER  DELAY  BETWEEN  SIMULATOR  AND  CHAN  B  HO 

ENTER  DELAY  BETWEEN  CHAN  A  AND  CHAN  B  30 
ENTER  EXPERIMENT  RUN  TIME  IN  M  S.  5000  0 

NO.  OF  PATTERNS  REQUIRED  FOR  RUNTIME  ~  H99H 

NUMBER  OF  PATTERNS  REQUIRED  EXCEEDS 
NUMBER  OF  PATTERNS  IN  DATA  FILE 
NUMBER  REQUIRED  ~  H99H 
NUMBER  IN  DATA  FILE  =*  1HH 
POSSIBLE  OPTIONS : 

1  ■•••  REPEAT  DATA  TO  FORM  H9VH  PATTERNS 
B  -  REDUCE  REQUIRED  TO  1HH  PATERNS 

3  RUN  CONTINUOUS  PATTERNS 
A  ABORT 
OPTION  IO 

BUS  SIMULATOR  READY  TO  RUN  299H  PATERNS 
ENTER  G  TO  START  SIMULATION  GO 

TABLE  A.X  BUS  EXPERIMENT  DIALOG 
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BUS  SIMULATION  IHJN  COMPLETE  WITH  3063  PATTERNS 


NO  . 

OF 

SERIAL  MESSAGES 

SENT 

TO 

A 

CHAN  == 

98 

NO  . 

OF 

SERIAL  MESSAGES 

SENT 

TO 

B 

CHAN  - 

98 

READ 

DATA  FROM  STATION 

A  ( Y 

OR 

N> 

7  Y  <  > 

PRINT  INDIVIDUAL  MESSAGE  DATA  <Y  OR  N>  ?  Y<> 
READ  DATA  FROM  STATION  B  (Y  OR  N)  ?  Y<> 

PRINT  INDIVIDUAL  MESSAGE  DATA  (Y  OR  N)  ?  Y<> 

DO  YOU  WANT  TO  MAKE  ANOTHER  RUN  (Y  OR  N)  NO 
STOP 

IS : 05 : 15 
R 

TABLE  A.X  (CUNT.)  BUS  EXPERIMENT  DIALOG 
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GEORGIA  TECH  -  AIRMICS  BUS  SIMULATION  NETWORK 
STATISTICAL.  DATA 

***  CHANNEL.  A  *** 


BUS  SIMULATION  FILE 
EXPERIMENT  RUN  TIME 
NUMBER  OF  BUSY/IDL.E  PATTERNS 
DELAY  -  SIMULATOR  TO  CHANNEL.  A 
DELAY  -■  SIMULATOR  TO  CHANNEL  B 
DELAY  -  CHANNEL.  A  TO  CHANNEL.  B 


«  BSIM6.DF 

=••  5000.  MILLISEC. 

»  2992 

~  1.0  MICROSEC . 

«*  2.0  MICROSEC. 

===  3.0  MICROSEC. 


NO.  OF  MESSAGES  SENT  TO  CHANNEL  =  98 

NO.  OF  MESSAGES  COMPLETED  ®  98 

NO  OF  MESSAGES  CANCELED  =  0 

NO.  OF  MESSAGES  LEFT  IN  CHANNEL  =»  0 

TOTAL  NO .  OF  BACKOFFS  «  190 

MAXIMUM  TIME  DELAY  ~  77.328  MILLISEC. 
MINIMUM  TIME  DELAY  ™  1.008  MILLISEC. 
MEAN  TIME  DELAY  ~  A  .  A9A  MILLISEC. 

TOTAL  BYTES  PROCESSED  ~  9800 . 

MAXIMUM  MESSAGE  LENGTH  »  100  BYTES 

MINIMUM  MESSGAE  LENGTH  "  100  BYTES 


EQUIVALENT  MESSAGES / SEC  .  19.600 

MIN  EQUIVALENT  BAUDRATE  ~  19600. 

EQUIVALENT  UNLOADED  BUS  -•  232496.  BPS 


MESSAGE  D I S TR I BUT ION 


EMPTS 

NUMBER 

DEL 

..AY 

1 

11 

1  . 

653 

2 

53 

2 

133 

3 

13 

3  . 

988 

A 

6 

5 

.  11 A 

5 

7 

A  . 

785 

6 

2 

6 

,  389 

7 

1 

5  . 

9  AH 

8 

1 

12 

AO  3 

9 

0 

0  . 

000 

10 

2 

18 

787 

11 

0 

0 

000 

12 

1 

A7 

,  13  A 

13 

0 

0  . 

000 

I A 

1 

77 

.  328 

15 

0 

0  . 

000 

1.6 

0 

0 

.  000 

TABLE  A .  &  SAMPLE  BUS  EXPERIMENT  PRINT  OUTPUT 


GEORGIA  TECH  -  AIRMIC5  BUS  SIMULATION  NETWORK 


I NO I U I DUAL  MESSAGE  DATA 


MESSAGE  LENGTH  ATTEMPTS  DELAY  TIME 


1 

100 

a 

1.  .  8.29 

a 

100 

a 

A  .  732 

0 

100 

1A 

77 . 328 

A 

100 

1. 

1.  .  872 

3 

100 

a 

1  .  1H3 

A 

100 

a 

1  .  11A 

7 

1.00 

7 

3 . 9A8 

8 

1.00 

a 

1  123 

9 

1.00 

a 

3  117 

10 

100 

i 

3 . 933 

X  X 

100 

3 

A  .  061 

IB 

100 

1 

I.  .  018 

1.8 

100 

2 

3 . 802 

1.  A 

1. 00 

a 

1  .  A02 

1.3 

100 

3 

3 . 30  a. 

1.6 

1. 00 

a 

X  .  718 

1.7 

100 

3 

A  01.3 

1. 8 

100 

a 

1  .  930 

1.9 

100 

12 

A7 . 1.8  A 

BO 

1.00 

1 

1  .  603 

a  i. 

100 

3 

A  .  309 

aa 

100 

a 

1.  .  1.1  A 

aa 

100 

A 

6  .  aai 

a  a 

100 

a 

1.  .  All 

a  3 

1.00 

i 

1.  .  008 

a  a 

1. 00 

a 

1.  .  A  AO 

a  7 

100 

a 

2 . 333 

ae 

100 

a 

1 . 987 

a  9 

1.00 

a 

2 . 988 

80 

100 

i 

1 . 680 

81. 

1.00 

3 

3 . 61.6 

aa 

100 

A 

A  .  061 

a  a 

100 

a 

1  .  1.1  A 

a  a 

100 

a 

1  .  1 A2 

33 

100 

A 

3 . 01 A 

36 

100 

a 

1 . 1 1 A 

37 

1.00 

a 

3 . 26  A 

88 

100 

3 

3.763 

39 

100 

a 

a  .  0  7  A 

AO 

1 00 

a 

1 . 38A 

'II. 

100 

a 

1  .  123 

Aa 

100 

A 

5 . 779 

A3 

100 

a 

1.  .  670 

A  A 

100 

a 

2 . 81.3 

A3 

100 

3 

3 . 1 68 

A  A 

100 

1 

1  .  181 

A  7 

100 

a 

3 . 677 

A  8 

100 

a 

A  .  203 

'19 

1.00 

A 

3 . 393 

30 

1.00 

a 

1  .  123 

31 

100 

A 

A  .  633 

3a 

100 

A 

6.211 

33 

100 

a 

3  360 

3  A 

1.00 

3 

2 . 813 
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53 

100 

a 

1 . 824 

56 

3.00 

5 

5 . 346 

5  7 

3.00 

3 

2 . 390 

58 

100 

6 

6 . 3.25 

59 

3.00 

3. 

1  .  123 

60 

3.00 

5 

3 . 965 

63. 

100 

3. 

2 . 486 

68 

3.00 

2 

1 . 853 

63 

100 

2 

7. 018 

6-4 

100 

2 

1  .  123 

65 

100 

2 

3. 043 

66 

100 

10 

12 . 998 

6  7 

3.00 

2 

3.  .  306 

68 

100 

2 

1  .  1  3. 4 

69 

100 

3. 

1 . 392 

70 

100 

5 

3 . 235 

71. 

100 

1 

2  054 

73 

3.00 

2 

3.  .  344 

73 

100 

3 

1 . 248 

74 

100 

5 

5 . 338 

75 

100 

2 

2 . 170 

76 

3.00 

3 

5 . 088 

7  7 

100 

a 

1 . 459 

78 

3.00 

3 

6 . 758 

79 

100 

2 

2 . 995 

80 

3.00 

3. 

1 . 402 

83. 

100 

2 

3.206 

aa 

lOO 

3.0 

24 .576 

83 

100 

3 

2 . 870 

84 

3.00 

8 

12 . 403 

85 

100 

2. 

1 .517 

86 

3.00 

3. 

1.018 

8  7 

1 00 

2 

2 . 73.7 

88 

100 

2 

2 . 237 

89 

100 

2 

2 . 698 

90 

100 

2 

3 . 63.9 

9:L 

100 

2 

1 .853 

92 

100 

2 

1 . 891 

93 

100 

2 

1 . 728 

94 

100 

3 

2 . 966 

95 

100 

5 

5 . 434 

96 

100 

2 

1.114 

97 

100 

2 

1 .267 

98 

100 

2 

2 . 33.4 

TABLE  4.3  INDIVIDUAL  MESSAGE  PRINT  OUT 
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V.  BfDLATOR  VERIFICATION 

To  verify  the  proper  operation  of  the  bus  emulator,  certain  benchmark 
experiments  were  run  under  known  experimental  conditions.  Since  the  bus 
experiments  are  very  statistical  in  nature  the  extreme  loading  conditions  were 
chosen  to  force  the  system  into  a  deterministic  behavior.  Tests  were  run  at 
no  bus  loading,  full  bus  loading  and  constant  collision  mode  of  bus  traffic. 
Following  these  extreme  conditions  a  typical  bus  experiment  was  run  and  com¬ 
pared  to  a  computer  simulation  of  the  same  type  experiment. 

No  load  Test 

In  the  no  load  test,  99  messages  of  100  bytes  each  were  transmitted 
through  channel  A  with  a  1  megabyte  bus  equivalent.  The  background  traffic 
and  the  channel  B  traffic  were  set  to  0  so  that  channel  A's  messages  would  not 
differ  or  collide.  Under  these  conditions  the  experiment  should  indicate  all 
99  messages  completed  with  no  back-offs  and  the  time  delay  for  each  message 
should  be  1  millisecond.  A  printout  of  the  experiment  is  shown  in  Table  5-1 
indicating  that  all  messages  were  completed  with  a  maximum  time  delay  of  1.018 
and  a  minimum  time  delay  of  1.008.  The  printout  of  the  individual  messages  in 
Table  5-2  indicates  that  each  message  was  exactly  100  characters  and  passed 
with  one  attempt  and  approximately  1  millisecond  delay. 

Full  load  Ex  per iment 

In  the  full  load  experiment  98  messages  were  sent  to  channel  A,  but  the 
background  traffic  generator  was  kept  in  the  busy  state  during  the  entire 
experimental  run  time.  Under  these  conditions,  the  channel  A  should  remain  in 
the  defer  mode  trying  to  send  the  first  message  transmission  without  suc¬ 
cess.  At  the  end  of  the  experiment,  all  the  messages  should  be  left  in  the 
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STATISTICAL  DATA 


***  CHANNEL  A  *#* 


BUS  SIMULATION  FILE 
EXPERIMENT  RUN  TIME 
NUMBER  OF  BUSY/IOLE  PATTERNS 
DELAY  ~  SIMULATOR  TO  CHANNEL  A 
OEL.AY  SIMULATOR  TO  CHANNEL  B 
DELAY  -  CHANNEL  A  TO  CHANNEL  B 


BSIM5.DF 

=*  5000.  MILLISEC. 

*•  3063 

=>■•  1.0  MICROSEC  . 

X"  2.0  MICROSEC. 

=>  3 . 0  MICROSEC  . 


NO.  OF  MESSAGES  SENT  TO  CHANNEL  -  99 
NO .  OF  MESSAGES  COMPLETED  ^  99 
NO.  OF  MESSAGES  CANCELED  =  0 
NO.  OF  MESSAGES  LEFT  IN  CHANNEL  =••=  0 
TOTAL  NO .  OF  BACKOFFS  *=  0 


MAXIMUM  TIME  DELAY 
MINIMUM  TIME  DELAY 
MEAN  TIME  DELAY 


1.018  MILLISEC. 
1.008  MILLISEC. 
1.014  MILLISEC. 


TOTAL  BYTES  PROCESSED 
MAXIMUM  MESSAGE  LENGTH 
MINIMUM  MESSGAE  LENGTH 
EQUIVALENT  MESSAGES  /  SEC  .  *= 
MIN.  EQUIVALENT  BAl./DRA TE  ~ 
EQUIVALENT  UNLOADED  BUS 


9900  . 

100  BYTES 
100  BYTES 
19,800 
19800. 

985713 .  BPS 


MESS  AGE  D  I S  T  R I  BUT'  I  ON 


ATTEMPTS  NUMBER  DELAY  TIME 


1 

99 

1 . 014 

2 

0 

0 . 000 

3 

0 

0 . 000 

4 

0 

0 . 000 

5 

0 

0 . 000 

6 

0 

0 . 000 

7 

0 

0 . 000 

8 

0 

0 . 000 

9 

0 

0 . 000 

10 

0 

0 . 000 

11 

0 

0 . 000 

12 

0 

0 . 000 

13 

0 

0 . 000 

14 

0 

0 . 000 

13 

0 

0 . 000 

16 

0 

0 . 000 

TABLE  3.1  NO  LOAD  BUS  EXPERIMENT  PRINT  OUTPUT 
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INDIVIDUAL  MESSAGE  DATA 


MESSAGE 

LENGTH 

ATTEMPTS 

DELAY 

1 

100 

1 

i .  ooa 

a 

100 

1 

1 . 013 

a 

100 

1 

i .  oia 

A 

100 

1 

1 . 018 

3 

1.00 

1 

1 . 018 

6 

100 

1 

1 . 018 

7 

100 

1 

1  018 

a 

100 

1 

1 . 018 

9 

100 

1 

1 . 018 

10 

100 

1 

1 . 018 

1 1 

100 

1 

1 . 018 

la 

100 

1 

1 . 018 

1.3 

100 

1 

1 . 008 

1A 

100 

1 

1 . 008 

13 

100 

1 

1 . 018 

16 

100 

1 

1 . 018 

17 

100 

1 

1 . 008 

18 

1 00 

1 

1 . 018 

19 

100 

1 

1  018 

ao 

1 00 

1 

1 . 008 

ai 

100 

1 

1 . 018 

aa 

100 

1 

1 . 018 

aa 

100 

1 

1 . 018 

BA 

100 

1 

1 . 008 

a  3 

100 

1 

1 . 018 

a  6 

100 

1 

1 . 018 

a  7 

100 

1 

1 . 018 

ao 

100 

1 

1 . 018 

a9 

100 

1 

1 . 018 

30 

100 

1 

1 . 008 

31 

100 

1 

1 . 018 

a  a 

100 

1 

1 . 018 

33 

100 

1 

1 . 008 

3A 

100 

1 

1 . 008 

33 

100 

1 

1 . 018 

36 

100 

1 

1 . 008 

37 

100 

1 

1 . 008 

38 

100 

1 

1 . 018 

39 

100 

1 

1  008 

AO 

1 00 

1 

1 . 008 

Al 

100 

1 

1 . 018 

AP 

100 

1 

1.018 

A3 

100 

1 

1 . 008 

A  A 

100 

1 

1 .008 

AS 

100 

1 

1 . 018 

A  6 

100 

1 

1 . 008 

A  7 

100 

1 

1 . 018 

A  8 

1 00 

1 

1 . 018 

A9 

100 

1 

1 . 008 

30 

1 00 

1 

1 . 008 

31 

100 

1 

1 . 018 

r»a 

1. 00 

1 

1 . 018 

33 

100 

1 

1 . 018 

3  A 

100 

1 

1 . 008 

TIME 
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35 

100 

1 

1 . 008 

56 

100 

1 

1 . 018 

57 

100 

1 

1 . 018 

38 

100 

1 

1 . 03.8 

59 

100 

1 

1 . 018 

60 

100 

1 

1 . 018 

61 

100 

1 

1 . 008 

6  £2 

100 

1 

1 . 008 

63 

100 

1 

1 . 018 

64 

100 

1 

1.018 

65 

100 

1 

1 . 018 

66 

100 

1 

1 . 018 

67 

100 

1 

1 . 018 

63 

100 

1 

3.  .  018 

69 

100 

1 

1 . 018 

70 

100 

1 

1 . 008 

71 

100 

1 

1 . 008 

72 

100 

1 

3.  .  018 

73 

100 

1 

1 . 018 

74 

100 

1 

1 . 018 

73 

100 

1 

3.  .  008 

76 

100 

1 

1 . 0  3.8 

77 

100 

1 

1 . 018 

73 

100 

1 

1 . 018 

79 

100 

1 

1 . 008 

30 

100 

3. 

3.  .0  3.8 

31 

100 

1 

1 . 008 

as 

100 

3. 

1 . 018 

33 

100 

3. 

1 . 008 

34 

100 

1 

1 . 0  3.8 

35 

100 

3. 

1 . 018 

36 

100 

1 

3.  .  008 

37 

100 

1 

1 . 018 

33 

100 

1 

1 . 0  3.8 

39 

100 

1 

1 . 018 

90 

100 

1 

1 . 018 

91 

100 

1 

1 . 018 

92 

100 

3. 

1 . 018 

93 

100 

1 

1 . 018 

94 

100 

3. 

1 . 0  3.8 

93 

100 

3. 

1 . 018 

96 

100 

1 

1 . 008 

97 

100 

1 

1 . 008 

98 

100 

1 

1.018 

99 

100 

1 

1 . 008 
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channel  with  no  back-offs  taking  place.  Ihe  printout  from  this  experiment  is 
shown  in  Table  5-3. 

Constant  Back-Off  Experiment 

In  this  experiment  the  collision  flip-flop  for  channel  A  is  held  in  the 
high  state  so  that  every  time  channel  A  tries  to  send  a  message,  it  will  get  a 
collision  indication.  Under  these  conditions,  the  channel  will  try  to  process 
each  message  16  times  getting  a  collision  each  attempt.  After  16  attempts  the 
messages  will  be  cancelled  and  a  new  message  will  be  brought  in.  The  printout 
from  this  experiment  shown  in  Table  5-4  indicates  that  98  messages  were  sent 
to  channel  A  with  no  completions.  The  system  cancelled  90  of  the  messages 
with  1,442  back-offs  and  left  8  messages  unprocessed  at  the  termination  of  the 
experiment. 

Comparison  of  Bus  Bsulator  to  Computer  Simulation 

A  final  verification  was  performed  by  comparing  the  bus  emulator  to  a 
computer  simulation  of  the  same  bus  traffic  scenario.  A  typical  scenario 
outlined  in  Table  5-5  was  setup  in  the  computer  simulation  and  on  the  bus 
emulator.  The  resulting  data  was  collected  and  summarized  in  Table  5-6. 
Since  these  experiments  are  very  statistical  in  nature,  the  data  from  the  2 
systems  were  not  expected  to  be  identical.  The  number  of  messages  completed 
and  the  number  of  back-offs  were  extremely  close  but  the  mean  time  delay  of 
the  simulation  was  approximately  1  milisecond  longer  than  the  emulator.  It 
should  be  noted  that  a  single  message  requiring  a  large  number  of  attempts  for 
completion  can  cause  a  significant  change  in  the  mean  time  delay.  An  example 
of  this  would  be  the  message  in  the  simulation  that  required  15  attempts  and 
used  97.7  milisecond  of  time  delay.  The  most  significant  difference  in  the 
comparison  is  the  fact  that  in  the  simulation  run,  almost  half  of  the  messages 
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STATISTICAL  DATA 


***  CHANNEL  A  #** 


BUS  SIMULATION  FILE 

mi 

BSIM6 . 

OF 

EXPERIMENT  RUN  TIME 

nn 

3000  . 

MILLISEC 

NUMBER 

OF  BUSY /IDLE  PATTERNS 

3992 

DELAY 

-  SIMULATOR  TO 

CHANNEL 

A 

1 . 0 

MICROSEC . 

DELAY 

-  SIMULATOR  TO 

CHANNEL 

B 

.m 

a.o 

MICROSEC. 

DELAY 

-  CHANNEL  A  TO 

CHANNEL 

B 

53 . 0 

MICROSEC . 

NO.  OF  MESSAGES  SENT  TO  CHANNEL  «  98 
NO.  OF  MESSAGES  COMPLETED  '=  0 
NO.  OF  MESSAGES  CANCELED  ~  0 
NO.  OF  MESSAGES  LEFT  IN  CHANNEL  ®  98 
TOTAL  NO  .  OF  BACKOFFS  -•  0 


MAXIMUM  TIME  DELAY 
MINIMUM  TIME  DELAY 
MEAN  TIME  DELAY 


0.000  MILL I SEC . 
0.000  MILLISEC. 
0.000  MILLISEC. 


TOTAL  BYTES  PROCESSED  «  0. 

MAXIMUM  MESSAGE  LENGTH  0  BYTES 

MINIMUM  MESSGAE  LENGTH  <»  0  BYTES 

EQUIVALENT  MESSAGES  /  SEC  .  *  0 

MIN.  EQUIVALENT  BAUDRATE  «=  0 

EQUIVALENT  UNLOAOEO  BUS  ~  0 .  BPS 


MESSAGE  DISTRIBUTION 
ATTEMPTS  NUMBER  DELAY  TIME 


1 

0 

0 . 000 

a 

0 

0 . 000 

a 

0 

0 . 000 

A 

0 

0 . 000 

3 

0 

0 . 000 

6 

0 

0 . 000 

7 

0 

0 . 000 

a 

0 

0 . 000 

9 

0 

0 . 000 

10 

0 

0 . 000 

11 

0 

0 . 000 

is 

0 

0  000 

13 

0 

0 . 000 

1 A 

0 

0 . 000 

13 

0 

0 . 000 

16 

0 

0 . 000 

TABLE  3.3  NO  LOAD  BUS  EXPERIMENT  PRINT  OUTPUT 


43 


GEORGIA  TECH  -  AIRMICS  BUS  SIMULATION  NETWORK 
STATISTICAL.  DATA 


***  CHANNEL.  A  #*# 


BUS  SIMULATION  FILE 
EXPERIMENT  RUN  TIME 
NUMBER  OF  BUSY/ IDLE  PATTERNS 
DELAY  -  SIMULATOR  TO  CHANNEL.  A 
DELAY  -  SIMULATOR  TO  CHANNEL  B 
DELAY  -  CHANNEL  A  TO  CHANNEL  B 


*  BSIM6.DF 
*=  3000.  MILL1SEC. 

-  2998 

~  1.0  MICROSEC . 

2.0  MICROSEC. 

~=  3.0  MICROSEC. 


NO  . 

OF 

MESSAGES 

SENT  TO  CHANNEL 

98 

NO  . 

OF 

MESSAGES 

COMPLETED 

== 

0 

NO  . 

OF 

MESSAGES 

CANCELED 

90 

NO  . 

OF 

MESSAGES 

LEFT  IN  CHANNEL 

Si 

8 

TOTAL  1 

NO .  OF  BACKOFFS 

144a 

MAXIMUM  TIME  DELAY  == 
MINIMUM  TIME  DELAY  ® 
MEAN  TIME  DELAY 


0.000  MILL I SEC. 
0.000  MILLISEC . 
0.000  MILLISEC. 


TOTAL  BYTES  PROCESSED  -  0 . 

MAXIMUM  MESSAGE  LENGTH  •-  0  BYTES 

MINIMUM  MESSGAE  LENGTH  -  0  BYTES 

EQUIVALENT  MESSAGES / SEC  .  »  0 

MIN.  EQUIVALENT  BAUDRATE  =>  0. 

EQUIVALENT  UNLOADED  BUS  0.  BPS 


MESSAGE  D I S TR I BUT  ION 
ATTEMPTS  NUMBER  DELAY  TIME 


1 

0 

0 . 000 

2 

0 

0 . 000 

3 

0 

0 . 000 

0 

0 . 000 

3 

0 

0 . 000 

6 

0 

0 . 000 

7 

0 

0 . 000 

8 

0 

0 . 000 

9 

0 

0 . 000 

10 

0 

0  000 

11 

0 

0 . 000 

12 

0 

0 . 000 

13 

0 

0 . 000 

14 

0 

0 . 000 

13 

0 

0 . 000 

16 

0 

0 . 000 

TABLE  ti.'T  NO  LOAD  BUS  EXPERIMENT  PRINT  OUTPUT 


BENCKMARK  EXPERIMENT  ~  S IMULATOR/ EMULATOR 


EXPERIMENT  INPUTS 


PARAMETER  VALUE 

BUS  TRAFFIC: 

BUS  RATE  (MEGA  BITS /SEC.)  1.0 

BUS  LENGTH  (METERS)  1150 

NUMBER  OF  STATIONS  AO 

MESSAGE  LENGTH  (BITS)  1000 

MEAN  INTERARRIVAL  TIME  (MICRO  SEC.)  50000 

BACK  OFF  ALGORITHM  BIN.  EXP 

ACKNOWLEDGE  LENGTH  (BITS)  O 

SERIAL  (USER)  TRAFFIC: 

MEAN  MESSAGE  LENGTH  (BYTES)  100 

LENGTH  VARIATION  (BYTES  W-)  O 

INTERMESSAGE  INTERVAL  (MILL!  SEC.)  10 

INTERVAL  VARIATION  (MILLI  SEC.)  0 

NUMBER  OF  MESSAGES  1.00 

SERIAL  PORT  BAUDRATE  B5000 

EXPERIMENTAL  SET  UP. 

DELAY  SIMULATOR  TO  CHAN.  A  (MICRO  SEC.)  1.0 

DELAY  SIMULATOR  TO  CHAN.  B  (MICRO  SEC.)  2.0 

DELAY  CHAN  A  TO  CHAN.  B  (MICRO  SEC.)  3.0 

RUN  TIME  (MILLI  SEC.)  5000 


TABLE  5.5  SCENARIO  FOR  BUS  EMULATOR  /  SIMULATION  COMPARI 
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S  IMIJLAT  ION  /  EMULAT  I  ON  COMP AR  I  SON 


PARAMETER 

SIMULATION 

EMULATION 

MESSAGE5  SENT 

9B 

98 

MESSAGES  COMPLETE 

98 

98 

MESSAGES  CANCELED 

0 

0 

MESSAGES  LEFT 

0 

0 

TOTAL  BACKOFFS 

185 

190 

MEAN  TIME  DELAY 

5 . 955  M . S . 

A . 494  M . S 

ATTEMPTS 

NO  . 

DELAY 

NO  . 

DELAY 

1 

AA 

1  .  as 

11 

1 . 65 

a 

a  A 

1 . 78 

53 

a .  13 

a 

9 

3.16 

13 

3 . 98 

4 

6 

A  .  13 

6 

5.11 

5 

1 

5 . 91 

7 

4 . 78 

6 

0 

- 

a 

6 . 39 

7 

3 

7 . 7 1 

1 

5.94 

8 

a 

9 . 89 

1 

ia  .  40 

9 

a 

16 . 09 

0 

- 

10 

a 

a  / .  a9 

a 

18. 78 

11 

3 

5i .  3a 

0 

- 

IS 

i 

45 . 48 

1 

47 . 18 

13 

0 

- 

0 

- 

14 

0 

- 

1 

7  / .  aa 

13 

i 

97 . 70 

0 

— 

16 

0 

- 

0 

— 

TABLE  3 . 6  SUMMARY  OF  EMULATOR  /  SIMULATION  COMPARISON 
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were  completed  on  the  first  attempt  whereas  in  the  emulator ,  over  half  of  the 
messages  required  2  attempts.  This  difference  may  be  caused  by  the  fact  that 
the  computer  simulation  is  basically  synchronous  in  nature  while  the  bus 
emulator  is  basically  asynchronous  in  nature. 
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ABSTHACT 

The  paper  dlacuaaea  the  design  and  preliminary 
evaluation  of  a  facility  for  emulating  baseband  or 
broadband  CSMA-type  looal  networks  for  oeMunlea* 
tlons  assessment  of  distributed  processing  systems. 
The  faolllty  la  being  oomstruoted  to  meet  a  need 
for  a  oost-effootlve  method  for  atudying  the  per* 
formanoe  and  protoool  interactions  of  looal  net* 
works  loaded  with  any  number  of  a  tat  Iona,  even  up 
to  the  order  of  aeveral  thousand. 

The  faolllty  cons  late  of  two  physical  atationa, 
with  high  levels  of  protooola  Implemented  and 
aotlve,  ooupled  into  an  emulated  network.  The  emu* 
lation  faolllty  uses  en  analytical  model  to  gener¬ 
ate  the  effect  of  traffic  from  any  number  of  back¬ 
ground  stations.  A  control  program  allows  the 
physlaal  stations  to  inter sat  with  the  emulated 
background  stations  so  that  the  former  behave  as  if 
they  are  oonneoted  to  an  actual  network.  In  opera¬ 
tion,  the  only  transfer  of  data  is  into  and  out  of 
a  mamory  shared  by  the  two  phyaloal  atationa.  Thus 
high  speed  serial  bus  operation  can  be  emulated 
with  low  speed  equipment. 

A  key  element  of  the  facility  is  the  background 
traffic  generator.  The  proper  operation  of  this 
generator  is  verified  with  studies  discussed  in  the 
paper. 


Keywords:  Local  Computer  Networks,  Local  Arms 
Networks,  Analytical  Model  for  LCIa,  Per formanoe 
Monitoring  of  LCN,  LCN  Emulation,  LCM  Simulation, 
ETHERNET  Performance  Charaoteristloa,  Communica¬ 
tions  Asassment  Tool  for  Distributed  Prooessing, 
Distributed  Prooessing  Caiunloatlons  Teat-bed 
Facility. 
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i.  anassnai 

Looal  oomputer  networks  seem  destined  to  play  a 
role  of  increasing  importance  in  distributed  pro¬ 
cessing  and  office  automation.  Within  the  class  of 
local  oomputer  networks,  the  bus  topology,  using 
some  form  of  carrier  aonse  multiple  aooeas  (C3NA) 
both  baseband  and  broadband,  has  a  number  of  advan¬ 
tages  in  terms  of  reliability,  oost,  and  ability  to 
reoon figure.  This  paper  deeoribeo  a  oomt-effeotlve 
faolllty  for  performance  studies  of  suob  networks. 

The  general  structure  of  a  CSMA  network  is 
shown  in  Figure  i  using  the  terminology  of  Net  One 
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(1J.  Umf  dwlM»  era  oouplod  to  •  ooaxial  oabls 
■t  •  number  of  station  looationa  alone  lta  length. 
Bach  atatloa  has  thraa  aajor  oonponente:  tha  net¬ 
work  prooessor,  tha  transceiver  in tar fa os,  and  tha 
transceiver.  Tha  bandwidth  of  tha  aabla  la  such 
as  to  allow  oparatlan  in  tha  Mfablt  par  aaeond 
rants;  for  example,  Mokhoff  (2J  diaoussss  represen¬ 
tative  local  araa  natworka  whioh  oparats  at  data 
ratss  froa  O.t  to  SO  aogablts  par  aaeond.  Using 
auoh  hit h  data  rates  allows  d  C8MA-type  network  to 
aupport  a  large  number  of  atatlcna.  Ethsrnat,  aa 
an  illustration,  olalaa  tha  ability  to  aupport  over 
obi  tbouMad  lUtious 

Tt»  obj*otlv«  of  tlM  faolllty  to  to  OooorltoO 
ia  to  provide  a  ooat-affaetlva  naans  for  studying 
tha  overall  perforaanoe  (aa  oontraatad  to  as  rely 
tha  perforaanoe  of  the  access  protocols ) ,  of  a 
variety  of  CSMA  networks  ooupling  appropriate  user 
devices  under  realistic  conditions.  In  order  to 
aocoapllsh  the  objeotive,  all  protoool  levels  up  to 
the  user-to-user  level,  and  of  course  including  the 
acoess  protocol,  aust  be  s  part  of  tha  study. 

Desired  results  froa  tha  facility  are  auoh  per¬ 
formance  relationships  aa  delay  versus  throughput, 
and  response  tiae  versus  load  for  station  pairs 
ooaaunloating  in  tha  presence  of  varying  aaounta  of 
"background*  traffic  due  to  other  stations  ooo- 
pstlng  for  tha  network. 

2.  PREVIOUS  PERFORMANCE  STUDIES 

Host  of  the  perforaanoe  studies  reported  ia  tha 
literature  examine  Um  characteristics  of  only  the 
aeoesa  protocols,  without  considering  tha  higher 
level  protocols  necessary  for  user-to-user  ooa- 
aunioetion.  Studies  of  this  sort  for  ALOHA-llke 
contention  aoohanlsas,  including  pure  ALOHA, 
slotted  ALOHA,  non-persistent  CSMA  end  various 
p-perslatent  CSMA  soheaea,  are  suaaarixed  by 
Klalnrook  PJ .  Mora  recently,  detailed  analytical 
studies  of  CSMA/ CD  protocols  have  been  done  by 
Tobegl  and  Hunt  p],  by  Pranta  and  Bilodeau  [5], 
and  by  Laa  PJ.  Laa'a  paper  oon tains  siaulatlon 
curves  for  comparison  to  the  analytic  results,  and 
all  three  pepers  give  e  variety  or  curves  showing 
the  relationship  oT  delay  and  throughput  to  other 
eystea  peraaetera. 

Typical  siaulatlon  studios  of  aocoss  protocols 
are  those  by  s  Tokoru  and  Taaaru  (7)  for  Acknow¬ 
ledging  Ethernet ,  Pranta  and  Bilodeau  PJ  for 
priority  CSMA,  Hughes  and  LI  [It]  for  Ethernet,  and 
Alaes  and  Lasowakl  (19]  for  what  are  termed 
Ethernet-like  networks. 

In  the  only  work  found  whioh  reports  measured 
results,  Shoeh  and  Hupp  IQ,  (17),  give  limited 
data  on  ohaiwtel  utilisation  versus  number  of  hoots 
in  two  acts  of  ourvea  using  aaaaured  data  from  an 
esperlaental  Ethernet. 

The  aost  extensive  alauletlon  studies  reported 
in  the  literature  to  date  have  been  done  by  Teh 
(9),  Watson  (10]  pi),  and  Donnelley  and  Tah  [12]. 
These  authors  in  tha  related  papers  oited  study 
HIPBRohannal  and.  In  a  part  of  the  study  (11],  oom- 
p are  it  to  Ethernet.  The  simulations  performed  by 
these  authors  include  some  higher  level  protoools 
aa  wall  aa  tha  basic  aeoesa  protoools.  The  empha¬ 
sis  In  these  studies  ia  to  obtain  ourvea  of  total 
network  throughput  and  average  delay  veraua  load 


for  numbers  of  stations  varying  from  two  or  throe 
to  twenty.  HTPEA channel  uses  a  hybrid  aoeesa 
mechanism  involving  some  aspects  of  central 
control.  Although  oontral  control  strategies  are 
not  a  part  of  the  present  study,  the  papers  are 
mentioned  because  of  the  overlap  into  areas  of 
interest. 

In  summary  it  seems  accurate  to  say  that, 
although  performance  of  besie  aoooas  protoools  have 
been  studied  to  some  extant,  only  a  vary  limited 
amount  of  data  is  available  on  usar-to-user  perfor¬ 
mance,  either  from  measured  data  or  froa  siaulatlon 
studios. 

3-  EEED  FOE  FACILITY 

Tha  survey  of  previous  performance  studies, 
documented  in  Section  2,  indicates  a  need  to  study 
tha  performance  of  user-to-user  links  through 
CSMA-type  local  natworka  for  both  baseband  and 
broadband  systems.  Such  studies  oould  obviously  be 
oarried  out  using  tha  brute  force  approach  of 
building  a  test  bad  with  a  number  of  different  con¬ 
tention  natworka  deployed.  Each  network  would  have 
to  be  loaded  with  atatlcna  produolng  prescribed 
traffic  and  tha  number  of  required  stations  oould 
bo  In  the  hundreds  to  aohieve  a  full  range  of  lend 
conditions.  This  approach ,  using  a  bruts  force 
teat  faelllty,  is  not  cost-effective. 

An  alternate  approaoh  would  bo  to  study  tha 
natworka  in  question  with  a  simulation  model.  The 
straight-forward  approaoh  to  simulating  a  CSMA-type 
local  network  would  use  a  discrete  event  model, 
perhaps  programmed  using  a  simulation  language  auoh 
aa  SPSS  or  SIMULA  (Pranta  (13)).  Suoh  an  approaoh 
la  feasible,  but  dearly  tha  number  of  events  whioh 
must  bo  processed  will  lnoreeae  in  proportion  to 
the  number  of  stations  oomteoted  to  the  network. 
Experience  has  shown  that  aa  tha  Dunbar  of  stations 
in  the  simulated  network  booonoa  forty  or  so,  the 
coat  of  oomputer  time  booemoa  significant.  The 
cost  of  a  simulation  with  on  the  order  of  one 
thousand  stations,  and  lnoludlng  higher  level  func¬ 
tions  ,  would  bo  prohibitive. 

In  order  to  oarry  out  oost-effootive  studios  or 
user-to-user  characteristics  for  local  networks,  a 
different  approaoh  to  those  or  a  bruts  foroe  test 
bed,  or  a  discrete  event-type  simulation  modal  must 
be  round.  Suoh  an  approaoh  ia  tha  eubjeot  of  the 
present  paper. 

a.  oterah.  mw  rmw 

Consideration  of  the  shortcomings  of  the  two 
methods  discussed  above  shows  that  both  are  subject 
to  costa  whioh  inc route  in  proportion  to  the  number 
or  atatlcna  ooaneoted  to  tha  oabla,  even  though 
attention  is  to  soma  extant  moused  on  only  the  two 
stations  which  are  aaaaunl gating.  This  realisation 
lands  to  a  structure  for  the  emulation  faelllty 
whioh  isolates  two  oosssunlostlng  stations  from  all 
or  the  other  stations  whioh,  taken  together, 
comprise  a  "background*  type  or  load  far  the  aabla. 
Tha  two  ooaaunloating  stations  art  Implemented  in 
physical  hardware  and  software  while  the  baokgrownd 
traffic  ia  geoeratad  artificially  using  n  modal  and 
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the  specifications  of  the  ooanerclal  LCN  to  bo  esu- 
lotod,  as  shown  In  Pigure  2.  With  this  approach, 
the  two  physical  stations  operate  easentlsUy  ss  ir 
they  are  ooeneoted  to  a  real  network,  while  use  of 
the  artificial  background  aakes  It  possible  to  sou¬ 
ls  te  arbitrarily  large  leads  sorely  by  changing 
constants  in  a  background  ecoputer  progras. 


Flgurt  2.  Logical  Diagram  of  Eaulatad 
Content ion-Typ#  Local  Network 
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Thm  operation  of  th*  taulatlon  facility  can  be 
explained  in  sore  detail  by  referring  to  Figure  3. 
Stations  A  and  B  are  lsplcaacted  in  hardware  and 
software  such  the  saae  ss  in  an  actual  network. 
The  H68000  nlorooooputers  carry  out  the  teaks  of 
the  network  proooaaora  In  Figure  2.  In  operation, 
e  packet  of  data  fron  a  user  at  station  A,  which  is 
to  be  transferred  to  station  B  serosa  the  network, 
le  stored  by  station  A  In  the  ooaeon  — nory .  Whan 
the  oontrol  prograa  finds  the  emulated  oeble  le 
free  of  background  traffic,  station  B  la  allowed 
to  read  the  paoket  out  of  memory  to  the  user  at 
station  B  after  e  ties  delay  which  aooounts  for 
trsnsalsaloo  time  and  propagation  delay  In  the 
aotusl  network. 

Since  actual  data  movement,  full  ting  flow 
through  the  network,  la  only  Into  and  out  of  the 
ocifon  saaory,  It  la  poaalble  to  emulate  large  bit 
rates  without  using  e  high-speed  aerial  link.  The 
oontrol  prograa,  using  Inputs  froa  the  background 
traffic  prograa  and  the  logic  oiroults,  operetf  aa 
a  switch  which  deteralaee  when  date  oan  be  trans¬ 
ferred  fra a  station  A  to  station  B  and  vine  versa. 

Dealm  of  Control  Program  and  Loalo  Circuits 

In  the  actual  network,  the  network  processor  at 
each  station  supports  several  software  progress 
which  are  run  in  reel  tine  to  oontrol  the  following 
functions:  franc  Input,  fraas  output,  doforonoo, 
fraaa  traaaalsalon,  and  fraas  roooptlon.  Tbs 
■doforonoo"  prograa  and  tba  "fraas  transalt" 
prograa  require  Inputs  for  "ohnanal  busy"  and 
"oolllalon  detection",  whloh  ere  ebtalaed  in  the 
actual  network  by  high  speed  circuits  which  aooltor 


the  channel.  In  the  aaulntlon  faolllty  no  physical 
ohaanel  la  used  and  therofore  "ohannel  busy"  and 
■oolllalon  dateetlon"  flags  auat  be  generated  arti¬ 
ficially. 

Only  two  extensive  ohanges  in  the  software  or 
the  two  physleal  stations  In  th#  aau lotion  facility 
are  necessary  due  to  the  aodlfled  operation  of 
transferring  packets  into  and  out  or  aaaory, 
instead  of  over  a  phyeloal  ohaanel:  one  wait  tins, 
determined  by  paoket  length  and  actual  channel  bit 
rata,  la  Incorporated  Into  the  fraaa  transmit 
program  between  tbs  point  at  whloh  the  "trsnamle- 
slon  begins"  and  tbs  point  at  which  the 
"tranamleaion*  terminates;  and  a  second  wait  time, 
equal  to  the  propagation  tlms  plus  time  far  the 
receive  process  In  the  aotusl  system,  le  incorpora¬ 
ted  into  the  frame  reoelve  program  to  delay  the 
termination  of  this  proooss. 

The  loglo  far  controlling  transmissions  from 
stations  A  and  B  and  for  gsoaratlag  channel  busy 
and  oolllalon  detection  flags  requires  the  pro¬ 
cessing  of  three  types  of  physical  signals:  a 
signal,  ag(t),  Indicating  that  station  A  la 
transmitting;  a  similar  signal,  sg(t),  far  station 
B;  and  a  signal,  B(t),  Indicating  that  a  background 
station  la  transmitting.  Figure  A  gives  typical 
waveforms  for  the  three  signals  and  n  waveform 
Indicating  when  station  A,  far  exaapla,  oan  uae  the 
ohannel.  Previous  work  has  aaaunad  that  B(t)  la 
Independent  of  og(t),  however  ways  of  making  B(t) 
Interactive  ora  being  Investigated. 

The  "station  transmitting"  signals  are 
gaaerated  In  a  straightforward  Manor  at  snob  sta¬ 
tion.  The  signal  Indicating  that  n  background  sta¬ 
tion  la  transmitting  la  derived  by  e  simple  logic 
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Fl9um  4.  Typical  Mtvtforvs  for  Signals  irtpd  in  tha 
l* fie  Circuit*  «f  t*«  Control  Prograo. 


elroult  from  a  stored  sequence  of  numbers  giving 
the  lsngth  or  baokground  busy  sad  free  intorvsla. 
The  sequence  of  numbers  for  tbs  baokground  Is 
gonorstod,  off-line  or  on-llno,  by  an  algorithm  to 
bo  dlaeuasod  In  Saotlon  5  of  tbs  paper. 

Figure  5  shows  a  login  circuit  for  generating 
signals  to  cause  stations  A  and  B  (and  the  back¬ 
ground  generator  If  so  desired)  to  defer  wben 
transmissions  in  progress  froe  other  stations  are 
detea  ted  at  tbs  station  In  question.  A  ■high" 
Input  at  terminal  agi  for  exaaple,  nausea  station  A 
to  abort  or  defer  transmission.  Suah  a  signal  sen 
also  be  used  as  a  'channel  busy"  flag  for  station 
A.  A  high  Input  at  gg  Inhibits  the  trafflo  genera¬ 
tion  program  If  so  desired. 

Mote  that  the  loglo  oirouit  for  deferenoe 
includes  delays  T^p,  1 ga>  ■Bd  ?  rb>  whloh  aooount 
for  the  appropriate  propagation  delays  between  sta¬ 
tions  A,  B  and  an  'average*  baokground  station. 
The  topology  to  be  emulated  and  the  interstation 
dlatanoes  Involved  decide  the  settings  of  these 
delays. 

Collision  detention  la  aoooapllahed  by  com¬ 
bining  the  signals  a^  a2  or  bg,  bp  la  an  AMD  oir¬ 
ouit.  At  station  A,  far  exaaple,  if  tha  signal  at 
aj  la  high  at  the  same  time  that  the  signal  at 
S2  1*  high,  an  Impulsive  output  results  from  the 
AMD  oirouit  before  the  02  Input  onuses  station  A  to 
abort.  Booh  a  signal  indicates  that  station  A  has 
observed  more  than  one  signal  on  the  channel,  and 
hanea  a  eelllslon  has  eoeurred.  The  Impulsive 
output  can  bo  used  to  aotuate  a  oirouit  which  na In¬ 
tel  ne  the  * collision  detention"  signal  ever  several 
alet  times,  if  this  la  appropriate  far  the  network 
being  emulated. 
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Figure  I.  Logic  Clrcolts  for  Oofortnce  tod  Collision  Detection. 


Instrumentation 

The  emulation  facility  is  to  be  used  to  study 
the  performance  of  various  snulstsd  networks.  To 
aoooepllsh  this  a  number  of  quantities  must  be 
noaltored  In  the  oourse  of  operation. 

The  para  net  are  of  the  baokground  generator  are 
determined  as  a  part  of  the  basic  algorithm  and  no 
difficulty  has  bean  axperlenoed  in  reoordli*  or 
processing  this  data. 

For  the  so  teal  stations  A  and  B,  several 
Mftnifmflti  aiit  bft  Mdte  For  oudIi.  attoh  onan- 
titles  as  the  starting  tine  of  the  first  hit  of  a 
message  and  tha  tins  of  receipt  of  the  last  bit  of 

must  be  node  for  poo kata,  alnoe  they  will  not  typi¬ 
cally  bo  of  constant  length.  Packet  lengths  must 
also  bo  measured  as  packets  are  ooostruoted. 

With  respect  to  ohanmel  operation,  the  nunber 
or  collisions,  the  numbers  in  various  queues  and 
possible  excess  oolllsloae  are  quantities  to  be 
observed.  Details  of  these  naasuremants  and  olr- 
ouita  will  not  bo  dlaouaaed  in  this  paper. 
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5.  ommTioH  or  bactobowd  runic 


The  design  or  an  algorithm  for  generating  tha 
duration  of  buoy  and  idia  parloda  for  tha  book- 
ground  trarflo  represents  a  significant  problan 
if  tha  syaten  la  to  aeeurately  represent  a  raoi 
C3MA  natwork.  Tha  thaoratioal  aspaota  or  thia 
problan  ora  dlaouaaad  in  da tall  In  anothar  pa par  by 
tuo  of  tha  authora  I1«|. 

In  tha  naxt  aubaaot Ion,  tha  algor 1 tha  uaad  with 
tha  anulation  facility  la  dlaouaaad  qualitatively 
and  aona  of  tha  equations  daflning  tha  algoritha 
a ra  given. 


53 


Alxorlthn  for  Backs round  Traffic 

Tha  background  traffle  algoritha  produeaa  tha 
data  for  a  signal,  B(t),  oonalating  of  busy  parloda 
of  randon  duration  lntaraporaad  with  Idle  parloda 
also  of  randon  duration.  Tha  atatlatleal  pro par¬ 
ties  of  tha  busy/idle  periods  are  determined  by  tha 
nuaber  of  stations  on  tha  aaulated  bus,  tha  charac¬ 
teristics  of  tha  Individual  station  loads,  and  of 
the  protocols  uaad  -  both  tha  apeolfio  access  and 
higher  level  protooola.  The  final  output  of  tha 
background  generation  la  a  tuo  state  stochastic 
proooaa  with  alternating  busy  and  idle  periods. 

Tha  traffic  algoritha  is  based  on  a  aat  of 
aquations  whloh  describe  tha  dynanlo  behavior  of 
tha  CSM*/ CD  network.  Following  tha  approach  uaad 
in'  115J  and  PJ ,  probabilistic  arguasnts  and  aona 
results  Aron  tha  theory  of  regenerative  processes 
are  used  to  develop  these  aquations. 

In  developing  tha  aquations.  It  la  aaaunsd  that 
tha  Una  axis  Is  divided  into  slots,  with  tha 
length  of  aaoh  slot  taken  to  bo  tha  naxlnun  one-way 
propagation  delay  along  tha  part  of  tha  bus  used 
by  the  stations  contributing  to  the  background 
trafflo.  *11  tins  periods  are  taken  to  be  an 
Integer  nuaber  of  slots,  snd  transnlsslons  are 
assunad  to  start  only  at  the  beginning  of  a  slot, 
as  for  a  slotted  1 -persistant  C3HA/CD  protocol. 

A  tine  interval  of  network  operation  consists 
of  suooesslve  periods  of  suoeassrui  transnlsslons 
and  oonteotion  Intervals  with  idle  slots  Inter¬ 
spersed,  aa  Illustrated  In  figure  6(a).  Many 
protooola  oausa  a  station  to  defer  for  one  slot, 
after  detecting  an  Idle  channel,  before  atteaptlng 
a  trananlaslon.  In  order  to  allow  the  last  bit  of  a 
nosaago  to  reach  all  stations  on  the  bus.  Such 
slots,  during  whloh  the  channel  la  effectively 
still  busy,  are  shown  dotted  In  figure  6. 

figure  6(b)  Illustrates  busy  and  ldla  periods 
produced  by  the  traffle  generator  aa  B(t>.  As 
lndloatad  In  the  figure,  tha  busy  parloda  can  eon- 
slat  of  a  nuaber  of  suooessful  transnlsslons  and/or 
contention  intervals. 

In  both  parts  of  figure  6,  arriving  peoketa  are 
denoted  with  arrows.  Two  or  noro  arrivals  within 
an  ldla  slot,  a  successful  transmission  period,  or 
a  contention  Interval  will  oausa  a  collision  durliw 
the  next  open  slot  tins,  as  illustrated  in  tha 
figure. 
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Assumptions  and  notation  used  in  formulating 
tha  aquationa  for  tha  trarflo  algorithm  are  aa 
follows: 


fixed  packet  length,  L(alots) 

*  finite  number  of  stations,  Q 

*  Identical  Poisson  arrival  process  to 
aseh  station  with  naan  interarrival 
tine,  y  (slots) 

•  length  of  contention  Interval,  N  (slots) 

•  naan  baokoff  time  after  first  oolllslon, 

Vj  (slots) 

tha  arrival  process  to  a  particular  sta¬ 
tion  la  deactivated  until  tha  tranamls- 
aion  of  a  packet  already  at  tha  station 
is  successfully  completed. 

Stations  oen  be  In  one  of  two  states: 
■thinking*  or  *baeklogged."  In  the  thinking  state, 
peoketa  arrive  from  outside  the  natwork  in  any  alot 
with  a  probability  c>t  Sl**n  by 

Ot  -  1  -  exp(-l/Y)  . 

A  station  la  backlogged  if  its  current  packet 
has  suffered  a  oolllslon.  baokoff  tins,  for  tha 
collided  peoketa,  is  oboaon  free  an  exponential 
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distribution  so  that  in  the  baekloMsd  stste 
packets  may  be  said  to  "arrive*  (in  this  case  froe 
tbs  store  of  baoked-orf  paokets)  st  the  station 
with  probability  o  b  given  by: 


0,  -  1  -  exp(-l/v) 

D 


In  this  expression  v  ,  the  aean  of  the  backoff 
ties  distribution,  is  deterainsd  by  the  particular 
protocol  used  by  the  background  stations;  for 
exsaple,  it  nay  be  fixed  or  say  depend  in  a  linear 
or  binary  exponential  fashion  on  the  average  nuaber 
of  collisions  per  backlogged  station. 

for  each  tine  slot,  past  events  determine  if 
the  channel  is  busy  or  available.  If  the  channel 
is  busy,  the  algoritha  Indexes  to  the  next  slot. 
If  the  channel  is  available,  three  probabilities 
are  oonputed,  namely:  the  probability  of  a  suc¬ 
cessful  transmission  starting,  (pg),  the  probabi¬ 
lity  of  a  contention  starting  (pp)  and  the 
probability  of  the  slot  remaining  idle  (pj).  Using 
a  paeudo-randon  nuaber  generator,  one  of  the  three 
outooaes  is  selected  and,  in  the  case  of  a  success¬ 
ful  transaission  or  a  contention,  the  dynasie 
variables  are  updated. 

The  dynaalc  variables  and  the  equations  for  the 
probabilities  of  the  three  outooaes  are  now  sua- 
aarlxed. 

There  are  three  basic  dynaalc  variables  that 
are  potentially  updated  for  each  slot:  the  nuaber 
of  stations  with  messages  in  the  backlog  due  to 
first  collisions.  Kg,  those  in  the  baeklog  due  to 
aore  than  one  oolllslon.  Kg,  and  the  average  nuaber 
of  oolllslona  for  those  stations  whose  current 
packet  has  collided  aore  than  once,  C.  In  passing, 
it  should  be  noted  that  in  general  the  behavior  or 
individual  background  stations  is  not  identifiable. 

Equations  for  the  three  desired  probabilities 
are  now  given  in  teraa  of  the  aore  basic  probabili¬ 
ties  pg  and  q1. 

Pi  is  the  probability  of  i  new  arrivals  (froa 
thinking  stations)  attempting  transmissions  in  the 
typical  slot.  This  quantity  la  given  by: 
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The  second  baslo  quantity,  qt,  the  probability 
of  1  atteapted  retranaalasions  occurring  in  an 
available  slot,  Is  given  by: 

o  —  V  0(A)  (B) 

J-0  J  -1  J 


In  this  expression  q^*)  and  qi*8^  are  given  by 

„<A) 


(B) 


K.I 

A 


(Ka  -  i)!i!  (1  ■ 


-T/V,  ,  -T/v.  K.-i 

e  V  (e  l)  A 


0.1 . Ka 


and 

.  -  V -  (1  _  -T/V.i  -T/v  KB 

qi  (Kg  -  l)li!  U  e  >  > 


K  -i 


1  ‘  °*1 . h  ■ 

The  two  quantities  q^*)  and  qi/®^  are  respec¬ 
tively  the  probability  of  1  retransmissions 
arriving  froa  stations  with  one  oolllslon  and  the 
probability  of  1  retranaalasions  arriving  froe  sta¬ 
tions  with  aore  than  one  collision.  The  quantity 
v  in  the  equation  for  q^'®'  la  a  function  of  the 
baokoff  algorithm  corresponding  to  a  spec If lo  pro¬ 
tocol.  For  the  emulation  of  Ethernet- like  proto¬ 
cols,  v  la  given  by: 


The  desired  probabllltiea  pj,  pg,  and  pg  can 
now  be  expreaaed  as: 

Pi  ■  Podo 

PO  ■  Pl4o  ♦  PObl 

Pc  •  1  -  pi  -  po 

A  pseudo-random  number  generator  producing  X 
from  a  uniform  distribution  as  (0,1),  is  used  to 
deolde  between  the  three  possibilities  according  to 
the  following  rule: 

if  X  <  pg  a  suooesaful  transmission  Is 
initiated 


i  ■  o.l . Q-K 


where  K  »  Kg  ♦  Kg  denotes  the  total  baeklog  and 


r1,  if  previous  slot  was  idle 


T  s/U»l,  if  a  successful  transmission  is  Just 
|  ooapleted 


Mel,  if  a  contention  Interval  la  Just 
.completed 


If  pq  <  X  <(pq  ♦  pg)  a  oolllslon  ooours 
If  X  }  (pg  ♦  Pg)  the  slot  remains  Idle. 

Possible  outooaes  and  their  relation  to  the 
three  probabilities  are  sketched  in  Figure  7. 


Successful  Collision  Idle 
Transmission 

Po  P0*PC 

Figure  7.  Identification  of  Ranges 
for  the  Variable  X. 
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In  •  slillir  Moiwr,  other  probabilities  are 
caloulated  and  further  decisions  sre  aade :  proba¬ 
bility  of  a  retransalsslon  being  Involved  given 
that  a  successful  transml salon  is  Initiated:  proba¬ 
bility  that  the  baoklog  Kg  Is  reduced  given  that  a 
retransalsslon  Is  Involved  In  the  successful 
transaission;  probability  of  having  0,1,.. Q-K  new 
arrivals  Involved  In  a  oolllaion,  of  having 
0,1,.. Kg  and  of  having  0,1,.. Kg  re tran salsa Iona 
Involved  In  a  oolllsion.  Using  slallar  ran doe  nua- 
bera ,  decisions  are  aade  uhioh  allow  the  updating 
of  Kg,  Kg,  and  C.  The  above  probabilities  and 
dieouaalona  illustrate  the  basic  approaoh  used.  A 
nuaber  of  other  slallar  probabilities  oust  be  ooa- 
puted  In  order  to  ooaplete  the  updating.  The 
equations  are  discussed  In  detail  in  the  forth¬ 
coming  paper  (1*J . 

Verification  of  the  Algorithm 


Figure  8.  Throughput  versus  Number  of  Stations 
for  Packet  of  Length  4096  Bits. 


The  algorithm  has  been  iapleaented  in  FORTRAN 
oode  and  to  verify  Its  effectiveness  a  nuaber  of 
checks  have  been  performed :  against  the  results  of 
Shoch  and  Hupp  £8J  for  an  experiaental  Ethernet; 
against  the  results  of  an  Acknowledging  Ethernet; 
against  the  results  of  an  In-house  discrete  event 
slaulatlon  for  a  saall  nuaber  of  stations;  and, 
finally,  with  an  analytic  study  of  the  basic 
equations. 

Verification  of  the  Algorithm  with  Published  Pats: 

To  test  the  traffic  generation  algorithm,  It 
can  be  run  as  a  part  of  a  slaulatlon  providing 
periodic  outputs  on  the  nuaber  of  suooesaftil 
transmissions ,  collisions,  nuaber  or  stations  In 
the  baoklog,  ate.  From  this  data  various  overall 
network  performance  measures  such  as  "throughput"* 
can  be  determined.  By  considering  one  or  a ore 
typical  stations  as  external  to  the  background 
traffic,  delay  characteristics  can  also  be  studied. 

Shoch  and  Hupp,  In  the  reference  olted,  give 
Halted  data  on  an  experiaental  Ethernet.  The  net¬ 
work  Is  operated  under  high  load  conditions  using  a 
550  meter  bus  loaded  so  that  eaoh  station  accounts 
for  ten  percent  of  the  load;  l.e.,  the  aean  lnter- 
arrlval  tlae  was  chosen  so  that  the  output  from 
each  station  would  oooupy  the  channel  for  ten  per¬ 
cent  of  the  tlae  If  no  other  stations  were  allowed 
to  transmit. 

The  results  for  packets  of  1096  bits  using  the 
algorltha  are  ooapared:  to  aeasured  results  of 
Shoch  and  Hupp  [17J ,  to  Ideal  throughput  response, 
and  to  the  results  of  an  ln-house  discrete  event 
slaulatlon  In  Figure  6  and  Table  I.  As  can  be 
noted,  results  froa  the  algorltha  and  from  the 
discrete  event  slaulatlon  correspond  very  oloaely. 
A  comparison  with  the  Shoch  and  Hupp  data  shows 
wore  discrepancy  but  still  a  good  agreement.  The 


Throughput  la  defined  as  the  ratio  of  channel  tlae 
spent  transmitting  good  paokets  to  total  tlae. 
Defined  In  this  way,  throughput  and  channel  utili¬ 
sation  are  equivalent  In  the  present  study. 
Effective  transaission  rata  la  obtained  as  the  pro¬ 
duct  of  channel  oapaolty  with  either  channel  utili¬ 
sation  or  throughput. 


Nuaber  of 

Shoch 

Discrete  Event 

Stations 

Ideal 

A  Rupp 

Slaulatlon 

Algorltha 

5 

0.5 

0.50 

0.*78 

0.*82 

8 

0.8 

0.80 

0.729 

0.735 

10 

1.0 

0.9* 

0.86* 

0.856 

12 

1.0 

0.96 

0.92* 

0.922 

15 

1.0 

0.96 

0.961 

0.959 

20 

1.0 

— 

0.976 

0.971 

100 

1.0 

— 

— 

0.977 

Table  I.  Throughput  versus  Number  of  Stations 
with  eaoh  Station  generating  101  load. 


differences  with  the  Shoch  and  Hupp  data  oan 
probably  be  aooounted  for  by  the  fbot  that  Shooh 
and  Hupp  do  not  naka  olaar  the  oondltion  or  their 
study  or  how  the  load  was  adjusted  to  give  10%  load 
per  station. 

The  results  from  use  of  the  algorltha  are  also 
ooapared  to  the  slaulatlon  results  of  Tokoro  and 
Taaaru  [7|  for  Acknowledging  Ethernet,  although 
their  work  uses  normally  distributed  Interarrival 
times  rather  than  the,  wore  realistic,  Poisson 
distributed  tines  on  which  the  algorltha  la  baaed. 
The  results  are  shown  In  Figure  9  for  a  bit  rate  of 
1  Mbps.  The  comparison  la  qualitatively  good  and 
discrepancies  era  considered  to  be  adequately 
aooounted  for  by  the  difference  in  arrival  distri¬ 
butions. 

Verification  sL the  Algorltha  Using  an  Analytlo 

ag!ffll9W» 

The  baokground  generation  algorltha,  discussed 
above,  oonslsts  of  a  set  of  equations  for  updating 
values  or  Kg,  Kg,  and  C  on  each  of  a  sequence  of 
tlae  slots.  These  quantities  are  sufficient  to 
determine  the  probabilities  Pq,  pc,  and  pj,  which 
determine  the  state  of  the  ohannel,  and  henoe  make 
possible  the  slot-by-slot  generation  of  B(t).  The 
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Muabcr  of  Stations 

Figure  9.  Results  fro*  the  Background  Generator  Algorithm 
Coopered  to  Results  from  Tokoro  and  Taaaru  for 
Acknowledging  Ethernet. 


equations  used  describe  the  dynaaic  behavior  of  a 
CSMA/CD  network  with  fewer  restrictions  then  sny 
closed  fora  single  expression  found  in  the  lltera- 
ture. 

A  valid  analytical  check  on  the  equations  used, 
however,  can  be  obtained  by  reducing  the  general 
equations  to  special  oases  which  have  been  pre¬ 
viously  analysed.  One  result  appropriate  for  this 
purpose  hes  been  obtained  by  Klelnrook  and  Tobagi 
116],  who  find  a  olosed  fora  expression  for 
throughput,  S,  for  a  slotted  1-peraiatent  CSKA  net¬ 
work  without  collision  detection.  Another  analy¬ 
sis,  by  Tobagi  and  Hunt  {*],  produoaa  a  set  of 
equations  which  can  be  solved  to  give  a  nuaerlcal 
solution  for  throughput  for  a  slotted  1-perslatent 
CSMA/CD  network  under  the  aaae  restrictive  con¬ 
ditions. 

To  produce  the  analytic  check  of  the  background 
generation  equations,  the  restrictions  used  in  the 
Tobagi  and  Hunt  analysis  have  been  applied  and  an 
analytic  expresalon  for  throughput  has  been 
obtained.  This  analytic  expression  is  felt  to  be  s 
new  closed-fora  expression  for  the  slotted 
1 -persistent  CSMA/CD  esse,  end  it  gives  the  seas 
nuaerlcal  result  as  Tobagi  and  Hunt  for  a  par¬ 
ticular  sat  of  paraaeter  values  that  they  use. 

The  new  result  is  derived  subject  to  the 
assuaptlons  that  K  and  v  are  oonstant  with  proba¬ 
bility  1  and  that 

lie  ~  -  0 

Details  of  the  analysis  are  given  in  the  forth- 
ooalng  paper  (1*)>  The  final  expression  for 
throughput  is 

s  »  Lg  e*(H+1>*  {N  +  1  -  Ke”*}/D 


D  -  (L+l;g  e_(N+1)8  {N+l  -  He"8} 


+  (N+l)  {1  -  (L+l)g  e‘a+1)g  -  e-8  +  lge"(L+2)8} 


*  e-(N+1>8-  (L-N)g  .-(N+L+2)8 

The  result  fron  this  equation  for  S  versus  g  is 
plotted  in  Figure  10  for  L  «  100  and  H  •  2.  This 
result  Matches  the  curve  given  by  Tobagi  and  Hunt 
(A)  for  ths  ssas  paraaeter  values.  The  paraaeter 
g,  defined  as  the  average  nuaber  of  peokets  offered 
for  transalsslon  in  any  slot  by  the  non-baoklogged 
stations,  is  related  to  the  paraaetera  of  ths 
background  generation  algorltha  by  the  aquation 

g  -  (Q-K) (1  -  e"1/Y) 

For  N  *  L,  and  writing  G.Lg  and  a  •  1/1,  the 
expression  for  S  reduces  to 

,  Ge-a+‘>C  (lWG) 

(1+a) (l-e*G)  + 

This  expression  agrees  with  that  given  by  Klelnrook 
and  Tobagi  In  |16J. 
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6.  CONCLUSIONS  AND  FUTURE  PLANS 

TIm  studies  of  t)M  background  traffic  genera- 
tor,  discussed  above ,  lndloata  that  Its  oparatlon 
la  satisfactory.  Results  for  throughput  versus 
atatlon  load  ooapara  adequately  wall  with  othar 
data  aval  labia,  glvan  tha  fact  that  aoaa  approxl- 
■at Ion  la  lnvolvad  in  eaulatlng  dlatrlbutad 
dlaorata  atatlon  loada  by  an  equivalent  signal 
darlvad  froa  avaraga  bahavior. 

To  data,  tha  background  ganarator  daala  aalnly 
with  tha  aeo aaa  protocols  of  the  network.  It  la 
planned  to  Introduce  further  network  level  proto¬ 
cols  into  tha  background  generator  In  tha  near 
future,  Including  tha  queueing  of  Manages  at 
hosts,  the  partitioning  of  Mssages  Into  paoketa 
and  tha  transmission  of  acknowledgements  and  othar 
control  Information. 

Tha  background  trafflo  generation  la  Judged  to 
be  a  key  port  of  tha  emulation  facility. 
Iaplaaentatioo  of  othar  parts  of  tha  faoility  la 
considerably  more  straightforward  and  should  be 
completed  in  tha  Fall  of  1982. 

Several  types  of  studies  are  planned  for  tha 
completed  facility.  One  olasa  of  problems  will 
have  to  do  with  determining  response  tiMS  In 
exchanging  data  between  two  stations  In  the  face  of 
varying  amounts  of  background  trafflo.  Such  stu¬ 
dies  are  needed  for  networks  operating  with  both 
voice  and  data  pockets  and  In  other  applications 
where  response  tines  are  arltloal. 

Another  class  of  problems  will  deal  with  deter¬ 
mination  of  throughput  versus  load  for  station 
pairs  as  a  function  of  various  protocols  at  the 
data  link  and  higher  levels.  Such  studies  will 
evaluate  existing  protocols  In  different  com¬ 
binations  and  can  possibly  identify  areas  for 
Improvement.  Studies  of  this  type  will  aid  In 
assessing  tha  communication  requirements  and  impact 
on  various  degrees  of  distributed  data  processing 
system  design  for  future  Army  needs. 
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ABSTRACT 

Many  coumercial  local  computer  networks  which 
use  CSMA/ CD  acceee  protocols,  claim  the  ability  to 
support  hundreds  of  stations.  This  paper  describes 
a  cool  for  use  in  performance  studies  of  such  net¬ 
works  when  the  masher  of  stations  is  large. 

The  tool  is  implemented  as  an  efficient  algo¬ 
rithm  for  approximating  the  effect  of  a  large  num¬ 
ber  of  background  stations.  The  algorithm  is  based 
on  a  probabilistic  model  for  the  interaction  of  the 
background  stations  end  produces  a  stochastic  se¬ 
quence  of  busy/idle  periods  using  standard  random 
number  generators.  Applications  include  discrete- 
event  simulation,  traffic  generation  for  experi¬ 
ments  on  an  actual  network  and  generation  of  back¬ 
ground  for  a  local  network  emulation  facility. 

Verification  of  the  algorithm  has  been  carried 
out  by  comparison  with  experimental  results,  re¬ 
sults  from  a  discrete-event  simulation  and  with 
theoretical  results  for  a  limiting  case. 

I.  INTRODUCTION 

In  the  last  five  years,  there  has  bean  an  in¬ 
creasing  interest  in  local  area  networks  and  in  the 
Carrier  Sense  Multiple  Access  Collision  Detection 
(CSMA/CD)  type  specifically.  Klcinrock1  discusses 
CSMA  protocols  in  general  while  Tanenbaun  discus¬ 
ses  C8MA  and  CSMA/CD  in  the  local  network  context. 

Coamrcial  networks  of  the  CSMA/CD  type  are 
becoming  available  and  include  such  networks  ae 
Ethernet,  Met  One  and  Haag  Net9.  Ethernet  is  the 
most  widely  documented  and  a  detailed  description 
is  included  as  an  appendix  by  Fraata  and  Chlamtac  . 
Most  of  the  commercial  networks  listed  claim  the 
ability  to  support  many  hundreds  of  stations.  For 
example,  Ethernet  claims  to  support  on  the  order  of 
one  thousand. 

This  paper  is  concerned  with  one  aspect  of 
performance  studies  of  CSMA/CD  local  networks. 
Most  of  the  performance  studies  reported  in  the 
literature  examine  primarily  the  characteristics 
of  assess  protocols,  without  considering  the  higher 
level  protocols  necessary  for  ussr-to-usor  commu¬ 
nication.  The  studies  typically  involve  loads  from 
one  to  possibly  a  desen  or  eo  stations.  The  ap¬ 
proaches  taken  fell  into  the  obvious  categories  of 
analytical,  experimental  and  simulation. 


Detailed  analytical  studies  of  C8MA/CD  proto¬ 
cols  have  been  carried  out -by  Tobagi  and  Hunt5, 
Frants  and  Bilodeau”  and  Lam7.  As  with  most  analy¬ 
tical  studies  of  nontrivial  systems,  it  is  neces¬ 
sary  to  employ  approximations  to  obtain  tractable 
results.  Furthermore,  in  this  case,  tractable 
analytical  results  for  complete  networks  including 
higher  level  protocols,  seem  unlikely.  Thus  accur¬ 
ate  results  for  the  performance  of  complete  net¬ 
works,  including  several  protocol  layers,  would 
seem  to  require  use  of  either  experimental  or  simu¬ 
lation  techniques. 

The  only  work  found  in  the  literature  report¬ 
ing  experimental  rasulte  is  that  of  Shoch  and 
Hupp”*  .  These  papers  give  limited  data  on  channel 
utilisation  versus  nusber  of  stetions  for  en  exper¬ 
imental  Ethernet.  The  maximum  number  of  stations 
used  is  twenty. 

A  number  of  simulation  studies  heve  been  re¬ 
ported  in  the  last  several  years.  Typical  of  these 
studies  are  the  work^f  Tokoro  and  Tamaru  for  Ack¬ 
nowledging  Ethernet10,  Frants,  .and  Bilodeau  for 
priority  CEMA,  Hughes  and  Li71  for  Ethernet  and 
Aimes  and  Lasowska14  for  what  are  termed  Ethernet- 
like  networks.  These  studies  are  all  directed  at 
low-level  protocols  and  few  consider  more  than  a 
doseo  or  so  stations. 

Apparently  neither  the  experimental  nor  the 
simulation  approach  has  adequately  addressed  the 
performance  of  CSMA/CD  networks  loaded  with  hun¬ 
dreds  of  stations  and  including  several  protocol 
layers.  Reasons  for  this  are  apparent:  the  ex¬ 
pense  and  complexity  of  a  test  bed  with  hundreds  of 
stations  for  experimental  studies,  and  computing 
costs,  at  least  directly  proportional  to  modeling 
detail,  for  the  type  of  discrete  event  simulation 
normally  used. 

q 

Shoch  and  Hupp  deny  the  necessary  for  studies 
of  networks  with  large  number  of  stations  with  the 
claim  that  one  station  with  heavy  traffic  is  equi¬ 
valent  to  many  stations  with  light  traffic.  This 
claim,  however,  has  yet  to  be  justified. 

This  paper  describes  an  efficient  algorithm 
for  generating  ths  busy /idle  periods  of  a  channel 
loeded  by  an  arbitrary  number  of  stations.  The 
algorithm  can  be,  potentially,  a  hay  element  in 
mere  efficient  performance  studies  of  three  types | 
namely:  simulation  studies,  studies  of  an  artifi- 


cally  loaded  physical  network  with  a  ralativaly 
aaall  number  of  actual  stations,  and  studies  having 
a  combination  of  physical  stations  and  an  aaulataa 
network. 

Bach  of  these  application  areas  is  briefly 
discussed  in  the  next  section  of  the  paper.  This 
discussion  is  followed  by  sections  detailing  the 
development  of  the  algoritha,  verifying  the  results 
in  a  special  case  with  an  analytic  study,  and  veri- 
tying  results  with  published  data.  A  final  section 
gives  a  suanary  and  cooaents  on  future  work. 

IX.  POTENTIAL  APPLICATIONS 

As  noted  above,  the  algoritha  under  discussion 
generates  the  buay/idle  periods  for  a  channel  using 
a  CSMA/CD  access  protocol  loaded  by  an  arbitrary 
nuabar  of  stations.  The  algoritha,  which  can  run 
on-line  or  off-line  on  a  computer  of  aodarate  sice, 
generates,  in  effect,  a  aequence  of  tiaes  which 
delineate  the  busy  and  idle  periods  produced  by  a 
collection  of  stations.  The  algoritha  can  be 
adapted  to  the  access  protocol  under  consideration 
and  the  nuabar  of  stations  can  be  entered  as  a 
paraaeter.  In  the  applications  envisioned  for  the 
algoritha,  the  stations  of  a  network  are  divided 
into  priaary  stations  and  background  stations.  The 
priaary  stations  which  are  instrunented  for  study 
gain  access  to  the  channel  in  coapetition  with  the 
"background"  produced  by  the  algoritha.  Details 
depend  to  soma  extent  on  the  particular  application 
as  discussed  below. 

Simulation  Studies 

In  this  application  the  performance  of  a  net¬ 
work  is  studied  with  a  discrete  event  sismlation. 
A  saall  selected  ninber  of  priaary  stations  are 
aodeled  in  detail  including  higher  level  protocols. 
The  event  list,  which  is  the  heert  of  the  siaula- 
tion,  it  then  structured  to  include  not  only  the 
essentisl  events  froa  the  aodeled  stations  but  also 
the  busy/idle  information  froa  the  algoritha,  which 
accounts  for  the  background  with  which  the  priaary 
stations  compete. 

If  the  background  is  idle  at  soae  ties,  pri¬ 
aary  stations  can  transmit.  Happenings  at  later 
tiaes  can  account  for  possible  collisions.  If  the 
algoritha  indicates  that  the  channel  is  busy,  pri¬ 
aary  stations  must  defer  in  accordance  with  their 
access  protocols. 

In  this  application,  the  beckground  algoritha 
runs  concurrently  with  the  remainder  of  the  dis¬ 
crete  event  simulation  pregrM.  The  algoritha  pro¬ 
vides  an  alternative,  much  acre  efficient,  naans  of 
accounting  for  the  bulk  of  the  stations  sharing  a 
channel  than  the  normal  discrete  event  representa¬ 
tion. 

Artificial  hoed  for  a  Physical  network 

In  this  application,  the  algoritha  provides 
the  assent iel  information  for  a  background  traffic 
generator  for  use  an  an  actual  network.  The  algo¬ 


rithm  is  either  run  on-line,  on  a  fast  coaputer,  or 
off-line,  to  generate  the  randon  sequence  of  tiaes 
delineating  the  busy/idle  periods.  The  time  se¬ 
quence  is  then  used  with  a  Prograaaable  Pulse  Gen¬ 
erator,  such  as  that  shown  in  Figure  1,  to  produce 
a  channal  signal  V(t).  The  Pulse  Generator  box  in 
the  diagrM  of  Figure  1  must  be  designed  to  produce 
pulses  of  the  type  used  by  the  network  under  study. 

In  this  application  a  network  installation  or 
test  bed,  operating  with  a  relatively  saall  nuabar 
of  stations,  can  approximate  the  behavior  of  a 
fully  loaded  network. 

Background  Traffic  for  an  Emulation  Facility 

This  application  is  in  soae  respects,  similar 
to  the  previous  one.  However,  in  this  case,  sev¬ 
eral  physical  stations  are  coupled  to  an  emulation 
of  a  physical  channel  rather  than  to  an  actual 
channel.  Such  an  emulation  facility  for  perfor- 
aanea  analysis  is  being  constructed,  by  a  group 
including  the.authora  and  is  described  in  a  forth¬ 
coming  paper  , 

The  use  of  the  algoritha  for  generating  back¬ 
ground  traffic  is  essentially  the  saae  as  that  de¬ 
scribed  for  artificial  loading  of  a  physical  net¬ 
work.  For  an  emulation  facility,  however,  a  shaped 
pulae  is  not  required  and  the  signal  B(t)  at  the 
output  of  the  flip-flop  in  Figure  1  serves  as  the 
required  background  signal. 

Reference  can  be  made  to  the  paper  cited  for 
details  of  the  emulation  facility.  In  this  appli¬ 
cation,  as  in  the  the  other  two,  the  algorithm  pro¬ 
vides  an  efficient  means  of  accounting  for  the  ef¬ 
fect  of  a  large  number  of  background  stations. 

III.  DEVELOPMENT  OF  THE  ALGORITHM 

The  background  traffic  algorithm  produces  the 
data  for  a  signal  consisting  of  busy  periods  of 
random  duration  interspersed  with  idle  periods  also 
of  random  duration.  The  statistical  properties  of 
such  busy/ idle  periods  are  determined  by  the  niaiber 
of  stations  on  the  aaulated  bus,  by  the  character¬ 
istics  of  the  individual  station  loads,  and  by  the 
protocols  used  -the  specific  access  as  well  as  the 
higher  level  protocols.  The  final  output  of  the 
background  generator  is  a  two  atate  stochastic  pro¬ 
cess  with  alternating  busy  and  idle  periods. 

The  traffic  algorithm  is  based  on  a  set  of 
aquations  which  describe  the  dynamic  behavior  of 
the  CSMA/CD  network.  A  flow  chart  showing  the 
logic  structure  of  the  algoritha  if  jdven  in  Figure 
2.  Following  the  approach  used  in5*  ,  probabilis¬ 
tic  arguments  and  soma  results  froa  the  theory  of 
regenerative  processes  are  used  to  develop  these 
equations  so  sa  to  iaplaaeat  this  logic  structure. 

In  developing  the  equations,  it  is  asstsaed 
that  the  tine  axis  is  divided  into  slots,  with  the 
length  of  each  slot  taken  to  be  the  aaxiaua  one-way 
propagation  delay  along  the  part  of  the  bus  used  by 
the  stations  contributing  to  the  background  traf- 
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fic.  AU  time  periods  ara  taken  to  be  an  integer 
niabat  of  slots,  and  tranaaiaaiona  ara  aaauaad  to 
atart  only  at  tbe  beginning  of  a  alot.  In  essence, 
the  analytic  approach  aaauaaa  a  alottad  1- 
paraiatant  C8MA/CD  protocol. 

A  tiae  interval  of  network  operation  consists 
of  auccaaaiva  parioda  of  successful  transmission 
and  contention  intervale  with  idla  alota  intar- 
s parsed,  aa  illuatrated  in  Figure  3(a).  Many  pro¬ 
tocola  cauae  a  atation  to  defer  for  one  alot  .after 
detecting  an  idle  channel)  before  attempting  a 
transmission,  in  order  to  ellow  the  laat  bit  of  a. 
Manage  to  reach  all  atationa  on  the  bua.  Such 
alota,  during  which  the  channel  ia  effectively 
atill  buay,  are  shown  dotted  in  Figure  3. 


atation  with  mean  interarrival  time, Y 
(slots) 

-  length  of  contention  interval,  H  (alota) 

-  mean  backoff  time  after  first  collision 
v, (slots) 

-  the  arrival  process  to  a  particular  station 
ia  deactivated  until  the  transmisaion  of  a 
packet  already  at  the  station  ia  success¬ 
fully  completed;  only  one  arrival  ia  per¬ 
mitted  to  a  atation  during  a  slot. 

Stations  can  be  in  one  of  two  stateat  "think¬ 
ing"  or  "backlogged."  In  the  thinking  state,  e 
packet  arrives  to  that  particular  atation  from  out¬ 
side  the  network  in  any  alot  with  a  probability  o 
given  by  c 


Figure  3(b)  illustrates  the  buay  and  idle. per¬ 
iods  produced  by  the  traffic  generator.  Aa  indi¬ 
cated  in  the  figure,  the  busy  periods  can  consist 
of  a  number  of  successful  transmissions  and/or  con¬ 
tention  intervals. 


In  both  parta  of  Figure  3,  arriving  packets 
are  denoted  with  arrows.  Two  or  more  arrivals 
within  an  idle  alot,  a  successful  trananiaaion  per¬ 
iod,  or  a  contention  interval  will  cause  a  colli¬ 
sion  during  the  next  open  alot  time,  aa  illustrated 
in  the  figure. 
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ot  •  1  -  exp(-l/y)  . 

A  station  is  backlogged  if  its  current  packet 
has  suffered  a  collision.  Backoff  time,  for  the 
collided  packets,  ia  chosen  from  an  exponential 
diatribution  so  that  in  the  backlogged  state  pack¬ 
ets  may  be  said  to  "arrive"  (ia  this  case  from  the 
store  of  backed-off  packets)  at  a  station  with  pro¬ 
bability  given  by 

ob  •  1  -  exp(-l/v ) 

In  thia  expression,  v,  the  mean  of  the  backoff 
tiae  distribution,  is  determined  by  the  particular 
protocol  used  by  the  background  stations;  for  exam¬ 
ple,  it  may  be  fixed  or  may  depend  in  a  linear  or 
binary  exponential  fashion  on  the  average  number  of 
collisions  per  backlogged  station. 

For  each  time  alot,  past  events  determine  if 
the  channel  is  busy  or  available.  If  the  channel 
is  busy,  the  algorithm  indexes  to  the  next  slot. 
If  the  channel  is  available,  three  probabilities 
are  computed,  namely;  the  probability  of  a  suc¬ 
cessful  trensmission  starting  (p_),  the  probabili¬ 
ty  of  a  contention  starting  (p.)  and  the  probabili¬ 
ty  of  the  alot  remaining  isle  (p.).  Using  a 
pseudo-random  number  generator,  onexof  the  three 
outcomes  is  eels; ' ed  and,  in  the  case  of  e  success¬ 
ful  transmission  ur  a  contention,  the  dynamic  var¬ 
iables  are  updated. 

The  dynamic  variables  and  the  equations  for 
the  probabilities  of  the  three  outcomes  are  now 
swear  ised. 


Figure  3.  A  Segment  of  Network  Time  (a)  Shewing 
Contention  Intervals,  idle  Slots  and 
Successful  Transmission  periods  and 
(b)  Identifying  Busy  and  Idle  Periods 


Assumptions  and  notation  used  in  formulating 
the  equations  for  the  traffic  algorithm  are  as  fol¬ 
lows; 

-  fixed  packet  length,  L(elots) 

-  finite  noaber  of  stations,  Q 

-  identical  Poisson  arrival  process  to  each 


There  are  three  basic  dynamic  variables  that 
are  potentially  updated  for  each  slot;  the  number 
of  stations  with  messages  in  the  backlog  due  to 
first  collisions,  X.,  those  is  the  backlog  due  to 
more  than  one  colli  Aon,  X_,  and  the  average  number 
of  collisions  for  those  'stations  whose  current 
packet  has  collided  more  than  once,  C.  Another 
dynamic  variable,  dependant  on  the  other,  is  the 
total  number  of  collisions  ia  the  current  backlog, 
i.a.,  t  ♦  X  C.  In  passing,  it  should  be  noted  that 
is  geaml  the  behavior  of  individual  background 
stations  is  not  identifiable. 
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Equation*  for  tha  thraa  desired  probabilitiaa 
ara  now  given  in  tors*  of  tba  nor a  basic  probabili¬ 
ties  pj  and  q,.  Tba  probability  of  i  now  arrivals 
(fron  thinking  stations)  attempting  transaissions 
in  tba  typical  slot  is  denoted  p^  defined  as 

.  .  (Q-K)  I _  (1  -T/Yx1  (.-T/y)Q’K’1 

pi  (Q-K-i)»  IT  U  *  '  '*  '  * 

1  -  0,1,..., Q-K 

where  X  -  X ^  ♦  *j  denotes  the  total  backlog  and 
1,  if  tba  previous  slot  was  idle 

T  ■  Lai,  if  a  successful  transmission  is 
■\  just  completed 

Hal,  if  a  contention  interval  is  just 
^completed. 

The  second  basic  quantity,  q^,  the  probability 
of  i  attempted  retransmisaiona 1  occurring  in  an 
available  slot,  is  given  by 


’i  “  E  qj 

1  j-0  3 


(A)  (B)  im  a  t  v 

j  Vj  •  i  •  0>1 . K 


In  this  expression  q^  and  q^1*  ara  given  by 

.(A)  .  V  w  -T/v  -T/v.)*A 
qi  <KA-i)IU  a  *  1  1 

i  -  0,1 . X. 


a-e"T/v>1  ce-^S-1 , 


3  *  . s 

The  two  quantities  qjA^  and  q|®^  are  respec¬ 
tively  the  probability  of  i  retransmissions  arriv¬ 
ing  from  stations  with  one  collision  and  tha  proba¬ 
bility  of  i  retransmissions  arriving  from  stations 
with  more  than  one-collision.  The  quantity  v  in 
the  equation  for  qj  '  ia  a  function  of  the  backoff 
algorithm  corresponding  to  a  specific  protocol. 
For  the  emulation  of  Xthernat-like  protocols,  v  is 
given  by 


v  «  2 


The  desired  probabilities  p-,  pQ, 
now  be  expressed  as  “ 


and  p.  can 


PI  "  po*o 

P6  ’  *  Wi 

»c  ‘  1  "  pi  •  pC 

A  pseudo-random  number  ganeretor  producing  X. 
from  a  uniform  distribution  on  (0,1),  in  used  to 


decide  between  the  three  possibilities  according  to 
the  following  rules 

if  X,  <  pa  successful  transmission  is  ini¬ 
tiated;  0 

if  pG  <  X.  <  (p-  *  p.)  a  collision  occurs; 
if  Xj  >  (p6  ♦  pp  the  slot  remains  idle. 

Possible  outcomes  and  their  relation  to  the 
three  probabilities  are  sketched  in  figure  4. 

successful  _ 


Trsnsais  s  i  on 


Collision  Idle 


Figure  4.  Outcome  intervals  for  x^. 

In  a  similar  manner,  other  probabilities  are 
calculated  and  further  decisions  are  made. 

A  probability  C,  defined  as 

C  ■  probability  of  a  retransmission  being 
involved  given  that  a  successful  trans¬ 
mission  occurs, 

is  introduced  to  test  whether  a  successful  trans¬ 
mission  emanates  from  the  backlog  or  from  one  of 
the  thinking  stations.  Clearly, 

C  "  Vi/pc 

If  the  generated  random  masher,  X-,  again  uniform 
on  (0,1)  is  less  than  C,  then  thd  backlog  is  re¬ 
duced  by  1  and  the  cuumulative  number  of  collisions 
in  the  backlog  is  reduced  by  C. 

It  is  also  necessary  to  evaluate  tha  number  of 
transmission  attempts  involved  in  a  collision  and 
from  whence  they  originated,  i.e.,  from  the  backlog 
or  fron  the  group  of  thinking  stations. 

Qiven  that  a  collision  occurs,  the  probability 
of  i  or  fewer  retransmissions  being  involved  in  a 
collision  is  given  by  tha  following  set  of  equa¬ 
tions; 

‘0  •  V1  -  p0  ■  pl>/pc 

*1  -  *0  ♦  -  P0)/Pc 

•g  ’  hj.j  ♦  4±/Pc  .  i  •  2,...,K 

If  the  random  maker  generated,  X.,  lies  between 
*l.i  **4  *<•  th*n  i  retransmission  have  collided 
(led  Figure  »). 

being  a  set  of  similar  equations  with  p.  end 
q,  interchanged,  and  another  random  number,  X. ,  the 
■umber  of  new  arrivals  involved  in  the  collision 
are  evaluated.  This  latter  number  becomes  the 
backlog  X.  whi le  tha  backlog  before  the  collision 
becomes  x£.  The  total  number  of  collisions  is  up^ 


.-4r  T*  •&&&&£ 
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dated  by  adding  th*  total  number  of  transmission 
attaapta  involved  in  tba  colliaion. 


Figure  5.  Outcaa*  In taxvala  for  X}. 


A  faatura  of  aany  backoff  algoritha*,  auch  aa 
that  of  Stbamat,  ia  that  tba  packet  ia  dieearded 
after  a  apacifiad  nuabar  of  failad  tranaaiaaion  at* 
taapta.  The  following  aaalyeie  ahowa  how  thia  faa¬ 
tura  ia  incorporated  into  the  algoritha. 

It  ia  assumed,  for  any  atation  in  the  backlog, 
that  the  nuabar  of  colliaiona  ia  geometrically  die- 
tributad  with  aaan  C,  that  ia,  the  probability  of 
the  current  packet  having  had  k  failed  attaapta  ia 
given  by 

p.  •  M  •  k-1,2,... 


p-i,  q-l-p. 

Letting  M  be  the  aaxiaua  nuabar  of  tranaaiaaion 
attaapta  peraitted  before  cancellation,  the  proba¬ 
bility  that  any  of  the  X  backlogged  atationa  haa 
reached  thia  count  ia  given  by 

1  -  (1  -  q  )  . 

If  the  generated  random  nuabar  ia  leaa  than  thia 
thraahold,  then  a  cancellation  ia  obaervedi  the 
backlog  ia  reduced  by  1  and  the  total  nuaber  of 
colliaiona  ia  reduced  by  N. 

IV.  AMALVTIC  VALIDATION  OF  THE  ALGORITHM 

The  eaaence  of  the  algoritha,  aa  diacuaaed  in 
Section  III,  are  the  probabiliatic  expreaaiona,  de¬ 
pendent  on  the  current  valuea  of  X.,  L,  and  X_, 
which  are  evaluated  on  a  sequence  nf  An*  slots. 
Theae  quantitiea  are  aufficient  to  determine  the 
probabilitiea  p_,  p.,  and  p_,  which  deteraine  the 
atate  of  the  channel,  and  hence  sake  poaaible  the 
alot-by-elot  generation  of  the  buay/idle  period*. 
Thia  aet  of  aquation*  deaeribe  the  dynaaic  behavior 
of  a  CSMA/CD  network  with  fewer  reatrictiona  than 
any  cloned  fora  aingle  expreaaion  found  ia  th*  lit¬ 
erature. 

A  valid  analytical  check  on  the  aquation*  uaed 
can  be  obtained  by  reducing  th*  general  equation*, 
uaing  aa  infinite  population  model,  to  apeeial 
caaaa  which  have  been  previously  analyaed.  On* 
reault  appropriate  for  thia  purpose  haa  been  ob¬ 
tained  by  Klainrock  and  Tobagi  ,  who  find  a  cloaed 
fora  expreaaion  for  throughput,  f,  for  a  (lotted  1- 
peraiatent  CSMA  network  without  colliaion  .detec¬ 
tion.  Another  analyaia,  by  Tobagi  and  Hunt3,  pro¬ 
duce*  e  aet  of  equations  which  can  be  solved  to 


give  a  numerical  solution  for  throughput  for  a 
slotted  1-peraistent  CSMA/CD  network  under  the  aaae 
restrictive  conditions. 

To  produce  the  analytic  check  of  th*  back¬ 
ground  generation  equations,  tha  restriction*  uaed 
in  the  Tobagi  and  Hunt  analysis  have  bean  applied 
and  aa  analytic  expreaaion  for  throughput  haa  been 
obtained.  This  analytic  expression  ia  fait  to  be  a 
new  closed  fora  expression  for  the  slotted  1- 
peraiatent  CSMA/CD  case,  and  it  gives  the  aaae  nu 
aarical  reault  as  Tobagi  and  Hunt  for  a  particular 
aet  of  parameter  valuea  ttuu  they  us*.  This  ex¬ 
pression  reduce*  to  that  of13  when  there  is  no  col¬ 
lision  detection. 

A*  discussed  in  Section  III,  a  nuabar  of  pro¬ 
babilities  are  evaluated  in  each  open  slot.  Clear¬ 
ly  these  probabilities  -  of  a  successful  transmis¬ 
sion  being  initiated,  of  a  collision  occuring  and 
of  tba  slot  remaining  idle  -  are  conditional  proba¬ 
bilitiea,  dependent  not  only  on  th*  nature  of  th* 
previous  slot  but  also  on  the  number  of  atationa  ia 
tha  backlog,  X,  and  th*  aaan  backoff  tine,  v. 
These  latter  quantities  are,  of  course,  random  var¬ 
iable*. 

To  adapt  the  algoritha  to  th*  model  of*,  it  ia 
necessary  to  nake  th*  strong  assumption  that  both 
these  variables  are  constant  with  probability  1. 
It  ia  also  assumed  that  Xp  •  X  and  Xg  -  0. 

With  these  assumptions,  the  unconditional 
probabilitiea  p  ,  p  and  p.  associated  respectively 
with  a  successful  transmission,  a  contention  inter¬ 
val  and  of  a  slot  remaining  idle  can  b*  derived 
froa  a  set  of  three  equations  of  the  fora 

P«  ‘  Pgc  Pc  *  *g,  »,  ♦  P,i  Pi 

where  p  is  the  conditional  probability  of  ini- 
tiatingS  successful  tranaaiaaion  in  the  slot  dir¬ 
ectly  after  the  conclusion  of  a  contention  inter¬ 
vals  similar  definitions  apply  to  p  p.  ,  etc. 
Mot*  that  the  probabilities  p  ,  p  and  pc  cor¬ 
respond  to  special  cases  of  pc*ln  Alt  ion  iff. 

Since  only  two  of  the  three  such  equation*  are 
linearly  independent,  the  equation 

pg  *  pi  *  pc  "  1  (I) 

ia  also  needed  to  solve  for  p  ,  p  and  p..  The 
solution  obtainad  ist  g  c  x 

,  .  (J) 

I  D 

(1- P..)(l-P««)  -  P..P4,  .  t 


p  .  Pic<1'Pil>  (A) 

ri  D 

where  the  denominator  D  ia  such  that  Xq.  (1)  is 
satisfied. 


l 
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The  conditional  probabilities  is  (2)-(4)  ara  , 
iimtially  tba  probabilitiaa  used  in  tha  algorithm 
and  ara  functions  of  K,  v ,  Q,  y ,  L  and  I, 

To  adopt  tba  nodal  of  tba  aluritta  to  tba 
aiaplar  inf inita  population  nodal  or  a  new  paran- 
atar  nuat  bo  introduced t 

g  ■  average  nunbar  of  paebata  of farad  for 
transmission  bp  tba  non-backloggad  (i.a. 
thinking)  atataa  in  any  alot. 


♦  (g*l>U  -  (lel)(r*g)e“<L*1>(,**>  -  o”(r+«) 

♦  L(r4g)o‘(L42)(rf*))  ♦  .-(ll4l)(r**) 

-  (t-B><reg)e“^**2'*2^?**^ 

In  tba  nodal  cons ida rad  by  Tobagl  and  Bunt, 
r-0  aad  banco  Eq.  (6)  roducaa  to 

fi  -  Lg  a"<*H-1)*  (H  +  l  -  Ka~*)/W  (7) 


la  tama  of  tba  nodal  of  tba  algoritbn. 


whore 


g  -  (Q-KXl  -  a”1*) 


W  -  (L+l)g  a"01*1 5  {gal  -  *,"•} 


Similarly,  another  paranatar  r  nay  ba  dafiaad  aat 


r  ■  average  nunbar  of  paebata  offered  for 
transmission  by  tha  backlogged  atatioaa 
in  any  alot 

-  K  (1  -  e“1/S') 

Aaauning  an  infinite  population  implies  that  aa 
Q-»  *,  both  K  aad  v  ■*  •  ,  while  g  aad  r  remain  fi¬ 
nite,  i.a 


g  s± 
*  $*•  y 

Lin 
r  “  X 
<b • 


K/v 


(Inherent  in  auch  aaaumptiona  ia  that  the  naan 
backoff  tine,  v,  increaaea  with  Q,  i.a.,  there  ia 
no  truncation  ia  the  backoff  algoritbn.)  For  auch 
aa  infinite  nodal,  the  conditional  probabilitiaa  ia 
Iq.  (2>-(4)  bee 


pii 


,-(*♦*) 


PgC  -  (Ml)<r*g)e_<"4l)<r**) 

-  _  -(»*l)(r*g) 

pie  * 

(Lsl)(reg)e-a*i)<r**) 


g* 

'i.** 


-OalXreg) 


The  reeulta  from  the  referencea  cited  are 
atatad  in  terna  of  throughput ,  g.  going  reaulta 
from  removal  theory,  g  nay  be  written  aa 

‘  "  <l*l^g  ♦* OH-lipe  ♦  pt  (5) 

After  doing  the  aeeeeaory  ambetitmtioma  and  after 
aone  algebraic  nan  1  pel  at  Una,  tha  espreaaion  for 
throughput 


♦  (Kal)  (1  -  <W)g  a‘(L4l)  -  e‘‘  ♦  Lge“(L+2)*) 

♦  ,-(»*l)g  .  (w0f  ,-(gaU2)g 

Tha  relationahip  between  g  aad  g  ia  plotted  in 
Figure  6  for  L  -  100  and  g  *  2.  Thia.reault  nateboa 
the  curve  given  by  Tobagi  and  gnat3  for  the  sane 
paranatar  veluea  aad  thus  validatea  tba  equations 
of  tha  algorithm  under  theee  restrictions. 


Figure  6.  Throughput  versus  Channel  Traffic 

For  B-L  aad  writing  C  ■  lg  aad  a  -  l/l,  Kq.  (7) 
roducaa  further  to 


-Si 


a g’H-afa. 


(l-fa)(l-  a  )  ♦  a 


This  exprajgion  agrees  with  that  given  by  Kleinrock 
and  Tobagi 


t-  U(rn)*-0*l)<r*#,> 

•(gel  -  ga’(p*#>)/lt  (A) 

dun 


As  a  by-product  of  this  validation  process, 
Kq.  (A)  is  a  new  general  closed- form  espreaaion 
for  tha  throughput  of  a  CfMA/CD  channel.  It  it  is 
Feasible  to  astinata  tha  average  bachlog  for  an 
actual  finite  population  network  under  heavy  traf¬ 
fic  coaditioae,  than  the  optinun  r  (aad  hence  v  ) 
*•*  naeinwn  stable  throughput  can  ba  found  from 
this  aquation.  Oaf er tuna taly,  thia  aarvas  only  as 


»  •  (Ul)(Hg)a*^l)*ir4,,(»*l  -  go”*****) 
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•a  upper  bound  on  the  throughput  and  does  not  help 
very  nick  in  ekooiiai  a  backoff  strategy  to  achieve 
such  a  a table  throughput  under  heavy  loada. 

V.  VERIFICATION  OF  THE  ALGORITHM 

The  algoritha  haa  been  inplenanted  in  FORTRAN 
code  and  to  verify  ita  effectiveaeaa  in  aaulating 
network  traffic  characteristics,  a  three-way  con- 
pariaon  haa  been  nade  between  the  reaulta  of  Shoch 
and  Hupp"**  for  an  experimental  Ethernet,  a  corre- 
•  ponding  in-houae  diecrete-eveut  ainulation  and 
the  algoritha. 

To  teat  the  traffic  generation  algorithai  it 
can  be  run  on  ita  own  aa  a  ainulation  providing 
periodic  outputa  on  the  nuaber  of  auccaaaful  trans- 
aiaaiona,  colliaiona ,  nuaber  of  atationa  in  the 
backlog,  etc.  Froa  thia  data  varioua  overall  net¬ 
work  perforaance  aeaeuree  auch  aa  throughput  can  be 
deterained.  shoch  and  Hupp,  in  the  rafarencaa 
cited,  give  United  data  on  an  experimental  Ethar- 
net.  The  network  is  operated  under  high  load  eon- 
ditione  using  the  following  configuration  and 
paraaetera  : 

-  bus  bandwidth!  2.94  Hips 

-  but  length:  SSO  aeters 

-  backoff  algoritha:  binary  exponential 

backoff,  truncated  at  2*  and  with  a  maxi- 
aun  of  16  transaisaion  atteapta;  base 
backoff  tins  ("slot"):  38  w*. 

packet  lengths:  236,  312,  or  4096  bits. 

-  nuaber  of  atationa:  3  to  IS 
loading  per  atation:  10Z  per  host, 
jaa  tine:  3  us. 

The  paraaatera  for  both  the  discrete-event 

ainulation  and  the  algoritha  were  chosen  to  be  as 
close  as  possible  to  those  above;  in  the  case  of 
che  algoritha,  all  tiae  delays  auat  be  expressed  in 
units  of  slots  (the  aaxiaua  one-way  propagation  de¬ 
lay  -  2.38  us  in  this  case).  To  enable  a  direct 
coaparison  between  the  discrete-event  simulation 
and  the  algoritha,  the  loading  per  station  was  de¬ 
termined  in  the  sens  way.  8hoch  does  not  clearly 
state  how  the  loading  on  the  Ethernet  prototype  was 
adjusted  to  give  10Z  load  per  station. 

The  arrival  process  of  packets  to  a  station, 
as  described  in  Bection  111,  was  used  in  both 
ceses.  The  following  brief  analysis  shews  how  the 
aean  interarrival  tins,  y ,  was  evaluated  Co  provide 
the  required  loading. 

In  the  case  of  a  single  station  transmitting 
on  the  channel,  obviously  collisions  cannot  oceur, 
so  that  pe  ■  0. 

It  can  be  easily  shown  Chat  in  this  case 
Pg  •  (1  -  e"l/y)/(2  -  o”Uv) 

Ft  -  1  -  Fg 

It  should  be  noted  that  thia  analysis  aasvaes  that 
a  new  packet  arrival  time  ia  not  generated  until 


after  the  interfrane  delay  (one  slot  tiaa)  which 
follows  each  successful  transaission  (aae  Figure 
3).  Putting  the  throughput,  8,  equal  to  0.1  in  Eq. 
(3),  the  required  value  for  y  aay  be  evaluated: 

Y  “  [tn  (Ibis)] 1  •lot* 

where  L  is  the  packet  length  ia  slots. 

For  the  discrete-event  simulation  arrival 
process,  a  similar  analysis  ia  continuous  time 
shows  that  the  mean  iaterarrival  time  for  10X  load¬ 
ing  is  given  in  usees  by 

Y ■  9  (packet  transmission  time  in  us) 

-  (interfrane  delay) 

The  discrete-event  siasilatioa  assumes  that 
the  stations  are  equally  spaced  along  the  bus  and 
so  as  the  number  of  stations  ia  increased,  they 
become  closer  together.  The  programing  language 
used  was  pascal,  which  is  very  suitable  for  hand¬ 
ling  event-driven  models.  (Although  all  C8MA/CD 
network  are  continuous-tins  systems,  the  movement 
of  packets  around  the  network  can  be  expressed  ia 
terms  of  events.) 

From  Tables  1  and  2,  it  is  evident  that  excel¬ 
lent  agreement  as  far  as  throughput  is  concerned  is 
obtained  between  tha  two  simulations.  Figures  7,  8 
and  9  compare,  for  different  packet  lengths,  a  sin¬ 
gle  curve  representing  the  two  simulations  with  the 
reaulta  of  ghoch  and  Rupp  and  with  tha  ideal 
throughput  response.  She  difference  between  the 
results  of  tha  algoritha/discrate-ovent  simulation 
and  8hoch'e  in  the  range  6  to  12  ia  probably  due  to 
tha  differences  in  the  arrival/loading  methodolo¬ 
gies.  For  the  short  packets  at  high  loads,  both 
the  simulations  tend  to  give  higher  throughput  the 
Shoch  obtained;  however  another  recent  discrete- 
event  simlatun  of  the  experimental  Ethernet  by 
Hughes  and  Li  tends  to  agree  with  the  authors' 
results.  It  would  seem  for  short  packets  especial¬ 
ly  that  an  operational  Ethernet  has  some  secondary 
delays  or  other  factors  which  tend  to  degrade  per¬ 
formance  at  high  leads  and  which  need  to  be  model¬ 
ed.  These  results  seam  to  provide  excellent  veri¬ 
fication  of  the  operation  of  the  algoritha  as  far 
aa  throughput  -  load  characteristics  are  concerned. 

Tables  1  and  2  give  a  listing  of  some  of  the 
results  obtained  for  the  algorithm  and  tha  dis¬ 
crete-event  simulation  respectively.  For  each 
packet  sise,  algorithm  results  for  100  stations 
show  that  stable  and  fairly  constant  throughput  ia 
obtained  under  heavy  load  conditions.  Tha  tables 
also  show  that,  while  both  approaches  produce  the 
same  loading  affect  on  the  channel,  the  methods 
involved  are  not  quite  the  came:  tha  percentagea 
*>f  eolUaion-free  and  of  cancelled  transmission  to 
the  amber  of  succassful  transmission*  era  quite 
different,  especially  for  the  shorter  packets. 
This  discrepancy  cm  possibly  be  explained  by  the 
fact  that  more  collisions  arc  inevitable  using  the 
algoritha  since  it  uses  tha  maximum  one-way  props- 
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Figure  7.  Throughput  vsrsus  Nuabsr  of  Stations 
for  Packets  of  Length  4096  Sits 


laaUU  af  am  Mu»a»a  taut  tiMdaaiaa  la  I 
uaaafc  U)  Ml  Mu.  <»)  MM  Mu.  a*  (a)  « 


Ititi— « 

t  TVMMlMiU. 

aiMfitt-rm 

S  Tt— — Issi— 
C— #1U0 

do — • 

s 

0.400 

07.0 

0.0 

19* 

0 

0.009 

01.7 

0.0 

*10 

90 

0.709 

47.9 

0.0 

07) 

11 

0.017 

49.0 

0.0 

010 

IS 

9.0*9 

90.0 

0.9 

1*9! 

90 

0.0SI 

90.1 

0.0 

90)9 

S 

0.400 

N.J 

0.0 

*44 

• 

0.710 

00.0 

0.0 

7IS 

10 

o.ots 

44.1 

0.0 

1117 

19 

0.077 

90.0 

0.1 

1049 

IS 

0.009 

90.  S 

0.7 

9971 

90 

0.009 

09.1 

1.9 

1401 

S 

0^70 

•O.S 

0.0 

1009 

• 

0.710 

01.4 

0.0 

soot 

10 

0.004 

40.0 

0.1 

SMS 

19 

0.014 

94.0 

0.9 

0019 

IS 

0.001 

99.S 

9.0 

0099 

90 

o.on 

10.1 

0.0 

0007 

u 

r  t  HWUm 


Figurs  S.  Throughput  vsrsus  N unbar  of  Stations 
for  Psckots  of  Length  1024  Bits 
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Plgurs  9.  Throughput  vsrsus  Ma**r  of  Stations  for 
Pacts ts  of  Length  lu  Sits. 
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gatioo  daisy  aa  tha  effective  daisy  between  all 
scat loos. 


Tha  algorithm  described  abova  can  generate  tha 
buay/idla  parioda  of  any  CSMA/CD  aceaas  protocol. 
Paraaacara  such  as  number  of  statiods,  packet 
length,  length  of  hua  aad  channel  bit  rata  ara  cat 
to  appropriata  value*.  Paraaatsra  accounting  for 
apacific  dataila  of  particular  accaaa  protocols, 
such  aa  m»xia»a»  nuabar  of  collisions,  must  also  ha 
incorporated. 

Using  paraaatsra  appropriata  for  Ethernet, 
coaparison  with  aaasuraaants  aada  by  Shoch  and  Hupp 
and  with  results  of  aa  in-houae  discrete  event  aia~ 
ulation  show  aneellent  agraaaant.  A  theoretical 
analysis  using  tha  aquations  of  tha  algoritha  is 
also  presented  and  it  gives  tha  saaa  results  as 
obtained  by  other  authors  for  the  special  cases 
considered.  This  analysis  aad  the  coaparison* 
noted  taken  together  ara  fait  to  provide  a  couplets 
validation  of  the  algoritha. 

For  the  applications  such  as  those  discussed 
in  the  paper,  tha  only  alternative  use  of  the  algo¬ 
ritha  is  tha  iapleaaotation  of  a  discrete  event 
aiauletion  of  the  large  nuabar  of  stations  in  tha 
background.  Coaputiug  costs,  in  terns  of  CPU  tine 
and  storage,  are  significantly  lass  for  tha  algo¬ 
ritha.  Storage  which  is  at  least  directly  propor¬ 
tional  to  the  nuabar  of  stations  for  a  discrete- 
event  siaulatiou,  is  not  significantly  dependant  on 
tha  nuabar  of  stations  for  the  algoritha.  Esther 
than  processing  s  series  of  events  arising  froa  all 
of  tha  stations,  tha  algoritha  deals  with  a  sat  of 
equations  which  ara  solved  using  saaplas  froa 
pseud o-randoa  variables  generated  by  tha  coaputer. 
Thus  the  basic  approach  used  by  the  algoritha  is 
inherently  aore  efficient. 

Several  extensions  to  the  study  reported  in 
the  paper  are  planned.  In  one  direction,  higher 
level  protocols  than  tha  access  level  investigated 
to  date  can  be  added  to  tha  algoritha. 

In  other  directions,  eapirical  data  can  be  ob¬ 
tained  on  coaputer  run  tiass  and  costs.  Heasura- 
aanta  can  also  be  asde  to  quantify  the  length  of 
tranaienta  which  occur  before  the  eteady  state  is 
solved. 

Pinally,  external  stations  can  be  operated  in 
conjunction  with  the  background  generator  to  obtain 
delay  versus  throughput  curves  Aich  can  bo  eemper- 
ad  to  results  of  appropriate  discrete-event  eiaula- 
tioee  and,  perhaps,  experiaental  data. 
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